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  Calorimeter telescope for identification of relativistic heavy ion reaction  
      channels 
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Acta Phys. Pol. B36 (2005) 1245 

  Relativistic Coulomb excitation of 54,56,58Cr 
      A. Bürger, T.R. Saito, A. Al-Khatib, A. Banu, T. Beck, F. Becker, P. 
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R. Lozeva, S. Mandal, S. Muralithar, W. Prokopowicz, N. Saito, T.R. Saito, H. 
Schaffner, H. Weick, C. Wheldon, M. Winkler, H.J. Wollersheim, J. Jolie, P. 
Reiter, N. Warr, A. Bürger, H. Hübel, J. Simpson, M.A. Bentley, G. Hammond, 
G. Benzoni, A. Bracco, F. Camera, B. Million, O. Wieland, M. Kmiecik, A. Maj, 
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  Rare Isotopes investigations at GSI (RISING) using relativistic beams 
      J. Jolie, G. Ilie, P. Reiter, A. Richard, A. Scherillo, T. Striepling, N. Warr, A. 

Banu, F. Becker, P. Bednarczyk, P. Doornenbal, J. Gerl, H. Grawe, M. 
Gorska, R. Grzywacz, I. Kojouharov, S. Mandal, N.Saito, T.R. Saito, H.J. 
Wollersheim, S. Mallion, G. Neyens, K. Turzo, P. van Duppen, N. Vermeulen, 
Z. Podolyak, W. Gelletly, P.H. Regan, P.M. Walker, W.N. Catford, Z. Liu, S. 
Williams, A. Blazhev, R. Lozeva, P. Detistov, L. Atanasova, G. Damyanova, 
D. Cortina Gil, J. Benlliure, T. Kurtukian-Nieto, E. Caserejos, J.M. Daugas, G. 
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S. Vaintraub, D.L. Balabanski, G. Lo Bianco, K. Gladnishki, A. Saltarelli, C. 
Petrache, G. Benzoni, N. Blasi, A. Bracco, F. Camera, B. Million, S. Leoni, O. 
Wieland, A. Maj, M. Kmiecik, J. Grebosz, P. Bednarczyk, J. Styczen, M. Lach, 
W. Meczynski, K. Mazurek, M. Pfützner, A. Korgul, M. Ionescu-Bujor, A. 
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Exotic nuclei and Nuclear/Particle Astrophysics, Proceedings of the 
Carpathian Summer School of Physics 2005, (ed. S. Stoica, L.Trache and 
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   108Sn studied with intermediate-energy Coulomb excitation 
      A. Banu, J. Gerl, C. Fahlander, M. Gorska, H. Grawe, T.R. Saito, H.J. 

Wollersheim, E. Caurier, T. Engeland, A. Gniady, M. Hjorth-Jensen, F. 
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      R. Lozeva, J. Gerl, M. Gorska, I. Kojouharov, S. Mandal, H.J. Wollersheim, D. 

Balabanski, F. Becker, J. Grebosz, A. Banu, P. Bednarczyk, P. Doornenbal 
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Balabanski, M.A. Bentley, G. Benzoni, A. Blazhev, A. Bracco, S. Brambilla, C. 
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Kmiecik, W. Korten, A. Maj, S. Mandal, W. Meczynski, B. Million, A. Neußer, 
F. Nowacki, T. Otsuka, M. Pfützner, S. Pietri, Z. Podolyak, A. Richard, M. 
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  The Cracow Code – an Interactive method of sophisticated online analysis 
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Caceres, F. Camera, S. Chmel, F.C.L. Crespi, H. Geissel, J. Gerl, M. Gorska, 
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H. Geissel, M. Gorska, O. Kavatsyuk, M. Kavatsyuk, I. Kojouharov, N. Kurz, 
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Nucl. Theo. 25, ed S. Dimitrova, Heron Press, Sofia, 2006 

     The Twenty Fifth International Workshop on Nuclear Theory (Bulgaria) 
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     fragmentation and U-fission: the g-RISING project at GSI 
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Abstract

The new DE=E detection system, calorimeter telescope (CATE), for charge and mass determination of heavy ions at
high energies (P100 MeV/n) has been designed. CATE, a calorimeter telescope will consist of position sensitive Si
detectors for DE determination and scintillators, readout by either PIN diode or PMT, for total-E determination.
Different scintillation detectors were tested with 130Sn, 186Pb, 197Au and 238U beams of (100–300) MeV/n ion energy. By

properly selecting the beam species from the FRS and applying position corrections, an energy resolution of ’0.5%
FWHM was observed. The corresponding mass resolution of 1/200 is adequate for employment of CATE in the Fast

Beam RISING campaign at GSI.

� 2003 Elsevier Science B.V. All rights reserved.
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Keywords: Calorimeter telescopes; Relativistic heavy ions; Energy resolution; Scintillators; Tracking and position sensitive detectors

1. Introduction and motivation

The RISING project [1] will make use of ra-

dioactive beam energies �100 MeV/n for relativ-
istic Coul-ex and fragmentation reactions with a

secondary target in order to yield nuclear structure

information. To distinguish the fragments result-

ing from the interaction with the secondary target,
we have to determine their charge and mass with a

resolution of �1/100. This correlates with an en-
ergy resolution of 1% if a calorimeter is used for

mass detection instead of the standard Bq-mea-
surement with a large dipole magnet. For that

purpose a calorimeter telescope (CATE) system

was developed, consisting of a DE-detector for
charge and position determination and an E-de-
tector for calorimetric mass determination.

2. Experimental conditions

The experimental set-up (Fig. 1) that was used

during the tests of the CATE system and that will

be used as a standard set-up during the Fast Beam

Campaign of RISING [1] is described in the fol-

lowing: a high energetic heavy-ion beam, extracted

from the synchrotron accelerator (SIS) at GSI, hits
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a primary target, and reaction products from

fragmentation or fission are transported through

the FRagment Separator, FRS [2]. Once the ions

are separated by their Bq, they reach the final focal
plane, where a system of tracking detectors is

placed to measure the particle position (MWPC),

energy loss (IC) and time-of-flight (TOF). The se-

lected heavy ions reach a secondary target, that will

be surrounded in forward angles by the EURO-

BALL Ge-detectors for RISING. The secondary

reaction products shall be identified in charge and

mass by the CATE system placed down stream.

3. The CATE system

The complete CATE system (Fig. 2) will consist

of Si-DE and of CsI(Tl)-E arrays. Nine Si-PIN

Fig. 2. The calorimeter telescope system.

Fig. 1. The experimental set-up.
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diodes of 50� 50 mm2 size and 0.3 mm thickness
will be used.The position of the impinging particle

is detected through the charge division between the

four contacts placed at the corners of the resistive

layer back side. The following CsI(Tl) scintillator

array will consist of nine crystals of 54� 54 mm2

Fig. 3. Position resolution of the Si DE-detector.

Fig. 4. Energy resolution of the CsI(Tl) E-detector.
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size. The thickness of this array is 10 mm; that is

enough to stop the high energetic heavy ions. The

light collected in each crystal is read-out by a

photo-diode.

4. DE�E behaviour

In an earlier investigation [3], the Si-PIN-diode

DE-detector revealed a charge resolution of about
1/100. For the position resolution we determined a

value of 4.4 mm (Fig. 3) by correlating the mea-
sured position to that of a MWPC (position res-

olution �1 mm) for a 238U heavy-ion beam with

an energy of 400 MeV/n. This result is sufficient

for the intended use. In a first test the response

of NaI(Tl) +PMT, CsI(Tl) +PIN, CsI(Tl) + PMT,

CsI(Na) +PMT, BGO+PMT, Plastic +PMT scin-

tillators to 197Au heavy-ion beam with energies

between 100 and 306 MeV/n was studied [4].
CsI(Tl) readout by either PMT or PIN-diode gave

the best energy resolution determined to be up to

0.46% FWHM under appropriate analysis condi-

tions [4]. The in-beam investigation of the proto-

type calorimeter system was performed, first, with

a primary 238U heavy-ion beam, with energies be-

tween 100 and 400 MeV/n, and second, with

fragments. The energy resolution of the E-detector
in case of primary beam was 0.46–0.52% FWHM

without any correction (Fig. 4 top part). In case of

186Pb fragments with energies between 130 and 150

MeV/n, and in case of 130Sn fission fragments with

an energy of 100 MeV/n, an energy resolution

between 1.1% and 1.5% FWHM has been ob-
served prior to any correction. By selecting charge

and mass and by proper position correction, a

remarkable energy resolution of 0.5% FWHM for

fragments was reached with the calorimeter system

(Fig. 4 bottom part). This corresponds to a mass

resolution of 1/200 which is sufficient to select

narrow mass regions and to determine masses for a

given c-transition. Therefore this method will be
used in the coming experiments of the RISING

campaign.
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Abstract

The Rare ISotopes INvestigation at GSI project combines the former EUROBALL Ge-Cluster detectors, the

MINIBALL Ge detectors, BaF2-HECTOR detectors, and the fragment separator at GSI for high-resolution in-beam g-
ray spectroscopy measurements with radioactive beams. These secondary beams produced at relativistic energies are
used for Coulomb excitation or secondary fragmentation experiments in order to explore the nuclear structure of the

projectiles or projectile like nuclei by measuring de-excitation photons. The newly designed detector array is described
and the performance characteristics are given. Moreover, particularities of the experimental technique are discussed.
r 2004 Elsevier B.V. All rights reserved.

PACS: 13.40.Hq; 13.40.�f; 25.60.�t; 25.70.Mn; 25.75.�q; 29.30.Kv

Keywords: Radioactive beams; Relativistic heavy-ion beams; Electromagnetic interaction; Fragmentation reaction; Projectile

excitation; g-ray spectroscopy
1. Introduction

The SIS/FRS facility [1] at GSI provides
secondary beams of unstable rare isotopes pro-
duced via fragmentation reactions or fission of
relativistic heavy ions. Many of these unique
radioactive beams have sufficient intensity to
enable in-beam g-ray spectroscopy measurements.
In the first Rare ISotopes INvestigation at GSI
(RISING) experiments such beams are being
exploited at an energy of 100AMeV to perform
relativistic Coulomb excitation of radioactive
projectiles and secondary nuclear reactions such
as nucleon removal and fragmentation. The
RISING set-up is optimised for the investigation
of key subjects of nuclear structure research,
namely:
�
 shell structure of known and predicted doubly
magic nuclei and nuclei in their vicinity far off
stability;

�
 isospin symmetry along the N=Z line and
mixed symmetry states;
�
 deformed shapes and shape coexistence;

�
 collective modes of nuclear excitation and E1
strength distribution.

High resolution g-ray spectroscopy at relativistic
beam energies is an experimental challenge.
Limitations imposed by large Doppler effects and
background caused by atomic processes and
unwanted nuclear interactions have to be
considered. Both the incoming and outgoing
particles of the secondary target have to be
identified in mass and charge and their energy
and direction determined. The design of the
germanium detector array and the heavy-ion
tracking detectors were optimised to achieve
the highest possible efficiency, energy resolution,
and position resolution for heavy ions. In this
paper, the experimental set-up for RISING
experiments at beam energies of � 100AMeV is
described. The performance of the components
and first results of Coulomb excitation and
secondary fragmentation measurements are
presented.
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2. Atomic and nuclear processes at relativistic

energies

2.1. Angular and energy-loss straggling

In relativistic heavy-ion reactions with second-
ary beams, thick targets can be used which
partially compensate for the low beam intensity.
The slowing-down of the fragments in the target
layer contributes to the kinematics and results in
an energy distribution. The distribution is further
enlarged by multiple scattering in the target
introducing angular straggling. Fig. 1 depicts the
angular straggling [2,3] in a gold target for Ni, Sn
and Pb projectiles at 100AMeV as a function of
the target thickness.
While the energy-loss straggling at relativistic

energies is small ðo1%Þ even for relatively thick
targets ð600mg=cm2Þ; the angular straggling shows
a strong dependence on target thickness, which
limits the impact parameter measurement for
peripheral collisions.

2.2. Atomic background radiation

Atomic processes are the main source of back-
ground g radiation in relativistic heavy-ion reac-
tions. The main atomic processes contributing to
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Fig. 1. Angular straggling ðsÞ in a gold target as a function of

the target thickness for Ni (solid line), Sn (long-dashed line) and

Pb projectiles (short-dashed line) at 100AMeV.
this background are [4–6], (i) K and L shell X-rays
from ionised target atoms, (ii) radiative electron
capture (REC) of the target electrons into the
projectile K and/or L shells, (iii) primary brems-
strahlung (PB) from target electrons produced by
the collisions with the projectile, (iv) secondary
bremsstrahlung (SEB) from energetic knock-out
electrons re-scattering in the target and/or the
surrounding material. The atomic cross-sections of
all these processes depend strongly on the atomic
number of the projectile and target. Based on
experimental results, the double-differential
cross-section d2s=dE dO of the four atomic
processes given above can be calculated empiri-
cally [6]. The angle-integrated cross-section ds=dE

is illustrated in Fig. 2 for 132Sn fragments at
different beam energies (left) and on Be, Sn and
Au targets (right).
For small g-ray energies the angle-integrated

cross-section can reach several kb/keV, which is at
least 4 orders of magnitude larger than typical
Coulomb excitation and nuclear reaction cross-
sections. To perform nuclear structure g-ray
spectroscopy (especially Coulomb excitation with
heavy targets) down to 400 keV, the beam energy
has to be limited to 100AMeV. This energy of
100AMeV will be fixed for the following discus-
sion and is a basic quantity for the design of the
Ge-Cluster detector array in RISING.

2.3. Coulomb excitation at 100 A MeV

Coulomb excitation at a relativistic energy of
100AMeV is a powerful spectroscopic method to
study low-lying collective states of exotic nuclei
produced at fast-beam facilities (for review see
Ref. [7] and references therein). It takes advantage
of the large beam velocities and allows the use of
thick secondary targets (in the range of hundreds
of mg/cm2). Contributions to the excitation
process by the nuclear force are excluded by
selecting reactions at an extremely forward scatter-
ing angle, corresponding to a large impact para-
meter.
An important parameter for this measurement is

the grazing angle and the distance of closest
approach D ¼ Rint at the nuclear interaction
radius. For the present discussion we refer to the
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Fig. 2. Angle-integrated cross-section as a function of g-ray energy for the atomic g-ray background from 132Sn on a Au target at

different beam energies (left). The cross-section dependence on different target materials (Be, Sn, Au) for 132Sn fragments at 100AMeV

(right).

Fig. 3. The grazing angle WgrðlabÞ is displayed as a function of

the projectile mass number for scattering on a 197Au target. The

solid line corresponds to projectiles in the valley of stability.
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definition of Rint following Wilcke et al. [8]:

Rint ¼ Cp þ Ct þ 4:49�
Cp þ Ct

6:35
ðfmÞ

C ¼ Rð1� 1=R2Þ

R ¼ 1:28A1=3 � 0:76þ 0:8A�1=3

with the nuclear radius R for a homogeneous
(sharp) mass distribution, the nuclear radius C for
a diffuse Fermi mass distribution and the mass
number, A, for the projectile, p, and target
nucleus, t, respectively. For the beam-target
combination 84Kr+197Au the nuclear interaction
radius is Rint ¼ 14:2 fm:
For small deflections ðsin y ’ tan y ’ yÞ and

including relativistic effects we obtain for the
scattering angle W in the laboratory frame [9]

W ’
2ZpZte

2

m0c2gb
2b
¼
2:88ZpZt½931:5þ T lab


Ap½T
2
lab þ 1863T lab


1

b
ðradÞ

where T lab is the laboratory beam energy in
AMeV, b the impact parameter in fm, m0 the rest
mass of the projectile, g the Lorentz contraction
factor, and b the beam velocity in units of velocity
of light. Since the scattering for T lab ¼ 100AMeV
is confined to rather small angles, the projectile
moves on a straight-line trajectory and the impact
parameter b can be replaced by the distance of
closest approach D. In this way we can calculate
the grazing angle Wgrðb ¼ RintÞ which is the largest
scattering angle in a Coulomb excitation experi-
ment at relativistic energies.
In Fig. 3 the grazing angle Wgr is displayed as a

function of the projectile mass number for
scattering on a 197Au target. For all projectile –
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target combinations an angular range of
about 31 (52mrad) is important for Coulomb
excitation.
Fig. 4. Schematic layout of the RISING set-up at the FRS. The

beam diagnostic elements consist of two multiwire detectors

(MW1 and MW2), an ionisation chamber (MUSIC) and two

scintillation detectors (SCI1 and SCI2). The g rays are

measured with BaF2-HECTOR and Ge-Cluster detectors. The

ions emerging from the reaction target are identified with the

CATE array.
2.4. Fragmentation reactions at the secondary

target

Fragmentation reactions at the secondary target
are powerful tools for producing exotic nuclear
isotopes in excited states see e.g. Refs. [10–12].
Contrary to Coulomb excitation, states with
higher spin transfer are populated. The latter can
be described with the abrasion–ablation model
using the Monte Carlo code ABRABLA [13], or
by a simple analytical formula [14]. The average
angular momentum calculated with both models is
in qualitative agreement with the experimentally
observed value.
Besides being an excellent tool for investigating

radioactive fragments up to medium spin 4 – 10 _;
fragmentation reactions provide a selective trigger,
in particular suppressing the huge background
from atomic processes.
If the fragmentation cross-section for the

isotope of interest is large compared to the
competing cross-sections of other channels, this
channel could be used directly. However, in most
cases the fraction of the isotope in question is too
small to be selectable within all isotopes produced.
Moreover, even if the selectivity was sufficient, the
g-ray rate limitation would demand a rather low
primary beam intensity and, hence, low yield of
the reaction channel of interest. Therefore, an
intermediate fragment is produced and selected by
the FRS, which is directed to the secondary
target to yield, in a secondary fragmentation
step, the isotope of interest. The intermediate
fragment is chosen with respect to its available
intensity on one hand and the subsequent
production cross-section and relative abundance
in the produced isotope cocktail on the other
hand. Another criterion is that the population
of higher spin states requires more massive
fragmentation processes. This optimisation is done
by the above-mentioned EPAX calculations
[15,16].
3. Rare isotope beam production, selection, and

identification

3.1. Primary beam and target

At SIS/FRS secondary beams of radioactive
nuclei are produced by fragmentation of a stable
primary beam or fission of a 238U beam on a 9Be
or 208Pb target (with typical thicknesses of
1–4 g=cm2) placed at the entrance of the fragment
separator (FRS) (see Fig. 4). Typically, the
primary beam energy ranges from 400 to
1000AMeV for good optical transmission and
minimum atomic charge state distribution (i.e. one
charge state dominating). The present maximum
beam intensity from the SIS synchrotron is
� 109=s for medium heavy nuclei (e.g. 129Xe) and
� 2� 108=s for 238U. The intensity of particular
secondary beam species can be calculated from the
luminosity and the production cross-section. For
fragmentation reactions the production cross-
sections and momentum distributions of the
reaction products are rather well known
[15,17,18]. The cross-sections are taken from the
EPAX parametrisation [15,16], while experimental
data are available for nuclear and electromagnetic
fission yields [19–25].

3.2. Secondary beam selection

The FRS [1] is a zero-degree magnetic spectro-
meter and consists of four dipole stages and an
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aluminium degrader at the intermediate focal
plane, which provides high-energy, spatially sepa-
rated isotopically pure exotic beams of all elements
up to uranium. The nuclei of interest are selected
via their magnetic rigidity, Br; and energy loss,
DE; in the degrader, the so-called Br–DE–Br
method [1]. A specific property of the RISING
experiments is the use of rather low beam energies
ð� 100AMeVÞ at the secondary target, which
deteriorates the beam quality and transmission
through the FRS due to large angular and energy
loss straggling in the target and degrader. To
simulate the experimental set-up and estimate the
properties of the secondary beam with respect to
luminosity, separation quality, implantation pro-
files, and transmission, the simulation programmes
MOCADI [26] and LISE++ [27] were used. An
example, calculated with MOCADI code, illus-
trates a radioactive beam quality dependence on
its energy. A 56Cr fragment impinging with
313AMeV on the secondary target has 32%
transmission through the FRS, a relative energy
resolution, DE=E; of 3.4%, and the horizontal
Fig. 5. Comparison of the calculations performed with the

LISE++ code (top) with the experimental data (bottom) for

the 56Cr setting at a count rate of 104=s at SCI1. Plotting the

intensity distribution of the atomic number Z versus A/Q gives

an identification of the different ions.
beam size amounts to 2.1 cm (FWHM). By
slowing down to 136A MeV, the transmission is
reduced to 19%, the relative energy resolution
yields DE=E ¼ 5:0%; and the horizontal beam size
increases to 3.5 cm (FWHM). A comparison
between simulation and measurement is shown in
Fig. 5. The basic ion identification is given by
plotting the atomic number Z versus A/Q (as the
majority of light ions are fully stripped of electrons
at � 100AMeV; the measured Q represents Z of
the ions). However, the ion identification proce-
dure depends on the selected region of the nuclear
chart. To get an optimum identification a more
sophisticated analysis of correlations among the
measured parameters such as TOF, energy loss
and beam position is usually applied.

3.3. Description of beam detectors, their location

and performance

Various types of detectors were used to perform
an A and Z identification of the secondary beam
ions, including position tracking (see Fig. 4).
Two position-sensitive plastic scintillators (SCI1

and SCI2) were placed at the intermediate and
close to the final focal planes providing time of
flight (TOF) and position information. The loca-
tion of the scintillator SCI2 was �1512mm (up-
stream) from the target. The scintillation detectors
with a thickness of 0.5mm and a diameter of
250mm have a typical intrinsic time resolution of
about 100 ps (FWHM) [1]. Two Multi-Wire
proportional chambers (MW1 and MW2) at
�3251 and �2429mm; respectively, provide the
beam position and tracking information. The MW
detectors have an active area of 200� 200mm2

and operate with a mixture of Argon–CO2 gas at
the atmospheric pressure. Therefore thin Capton
windows could be used. The readout of the wires
representing the x and y planes is performed by the
delay-line technique. The position resolution of the
MW detectors is below 1mm [28]. The TOF and
Br were used to determine the mass-to-charge
ratio (A/Q).
The atomic number Z of the secondary beam

nuclei is deduced by measuring their energy loss in
a MUltiple Sampling Ionisation Chamber (MU-
SIC) [29] positioned at �2801mm in front of the
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target. The MUSIC consists of eight anode strips
covering an active area of 200� 80mm2: The
counting gas is CF4 at the atmospheric pressure.
Since the number of electrons generated in the gas
are proportional to the square of the charge of the
penetrating ion, the signal gives a measure of the
atomic number Z of this ion. In addition, the TOF
was used to obtain a velocity correction for the Z

determination.
Since the secondary beam nuclei are slowed

down in the FRS and the subsequent tracking
detectors to about 100AMeV before reaching the
secondary target, the fragment identification is
worse. While e.g. TOF resolution of 270 ps and a
mass resolution of DA ¼ 0:27 (FWHM) could be
reached during the calibration of the FRS with a
stable 86Kr at 419AMeV, these numbers were
increased significantly for the secondary nuclear
beams. In addition, the TOF and the mass
resolution are intensity dependent, such that for
the 56Cr beam a TOF resolution of 2.2 and 3.7 ns
(FWHM) could be achieved at the counting rate of
104 and 106=s; respectively. The corresponding
values of mass resolution are 0.59 and 0.89
(FWHM), respectively. For a unique mass identi-
fication the latter value therefore determines the
count rate limit of SCI1. The identification of the
atomic number Z was performed with the MUSIC
detector. For the primary 86Kr beam a Z resolu-
tion of DZ ¼ 0:27 (FWHM), while for the 56Cr
beam DZ ¼ 0:24 and 0.43 was obtained for the
above-mentioned low and high count rates at
SCI1, respectively.
4. Reaction channel determination with the

CAlorimeter TElescope CATE

Following the reaction on a secondary target at
the final FRS focal plane, the scattered particles
and breakup products need to be identified in
terms of A and Z, and the scattering angle has to
be measured. The standard Br-TOF method for
mass determination was not applicable for RIS-
ING, since the available space in the experimental
area was not sufficient for placing a big magnet.
Moreover, the broad charge state distribution of
the heavy ions behind the secondary target would
impede the mass determination. Therefore, a
position-sensitive DE–E calorimeter was chosen.
The required particle detector should be as
efficient as possible and needs to accept the full
available secondary beam intensity as it covers
zero degree angle. Different beam particle detector
designs have been used in the past and the latest
generation devices are DE–E telescope systems.
Energy loss is measured with thin position-
sensitive Si detectors, whereas the residual-energy
detectors are usually made of CsI(Tl) scintillators
[30].
For the RISING project the CAlorimeter

TElescope (CATE) array was designed [31] and
consists of 3� 3 modular DE–E telescopes cover-
ing the relevant opening angle of 58 mrad (see
Section 2.3) at +1426mm from the target and
mounted in vacuum. Two types of transmission
ðDEÞ Si detectors were produced by the company
EURISYS and CANBERRA (model: IPP 2D
50� 50-300-SPE and PF-50� 50-300EB, respec-
tively). The detectors are position sensitive, which
can be exploited for the impact parameter
measurements in Coulomb excitation. The geome-
trical size and the active area of each 300mm thick
Si detector was 54� 54 and 50� 50mm2; respec-
tively, resulting in a geometrical efficiency of 92%.
The central detector is positioned 3mm behind the
plane of the other eight Si detectors.
The energy deposition in the detector array was

measured with the back contact, while a resistive
layer (sheet resistance 2 kO) on the front side of
each detector module served as a charge divider to
the four corner contacts. The position of an
incident ion was determined comparing relative
heights of the four signals following a simple
geometrical algorithm. Each corner contact is
terminated by a 1 kO resistor to reduce non-
linearities in the position determination as de-
scribed, e.g. in Ref. [32]. The detector signals are
integrated by charge-sensitive preamplifiers (mod-
el: CSTA2 made by the Institute of Nuclear
Physics, Technical University, Darmstadt [33]).
The Si detector prototype energy resolution,
obtained with stopped a particles, was 80 keV
for the 5.48 MeV 241Am line. Additional tests with
heavy ions of about 5AMeV energy revealed a
position resolution of o7mm (FWHM) [34,35].
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The CsI(Tl) detectors provided by the company
SCIONIX (model: V502P25/18-E2-Cs-X SSX848)
were mounted 40mm behind the Si array. Each
detector has a flat front face of 54� 54mm2 size, a
thickness of 10–20mm and a trapezoidal back
shape. The thickness of detectors is sufficient to
stop heavy ions with ZX7 at 100AMeV and with
ZX28 at 400AMeV. This covers all possible
secondary reaction products expected from the
proposed RISING experiments. The detectors
were mounted in an aluminium frame of 4mm
thickness between each two neighbours thus
yielding the same geometrical efficiency of 92%
as for the Si array. The scintillation light of each
crystal is collected by a photo diode of 18�
18mm2 size mounted on the trapezoidal back side
of the crystal. The signal of the PIN diode was
amplified by integrated preamplifiers [36] and
yields the residual energy of the fragments after
passing through the Si detectors.
Several detector tests using relativistic heavy

ions were performed to optimise the final design of
the DE–E telescopes [35]. A 124Sn beam of
450AMeV gave values of DE corresponding to
the resolution of DZ ¼ 0:7 (FWHM) for the Si
detector. For the same detector a 5mm (FWHM)
position resolution was found in the measurement
of the 400 AMeV 238U beam. The CsI(Tl) test
detector revealed an energy resolution of 1.0% for
a 132Xe beam. Considering the energy spread of
the detected beam nuclei and applying a position-
Fig. 6. Two-dimensional DE–Eres spectra from two RISING exper

(right) reaction. The insets show the extracted element distribution.
dependent energy correction, an intrinsic energy
resolution of DE=Eres � 0:5% is deduced. The
latter correction accounts for the position depen-
dence of the scintillation light production and
collection in the detectors.
The CATE array with its nine DE–Eres tele-

scopes was used in the first RISING experiments
at � 100AMeV: Results from a fragmentation
reaction and a Coulomb excitation experiment are
displayed in Fig. 6. The two-dimensional DE–Eres

plots of one telescope for 9Be(55Ni,xn,yp) and
197Au(112Sn,xn,yp) channels demonstrate the ex-
cellent Z resolution. The data were taken under
the condition of a particle–g coincidence. With this
requirement one should note that for 55Ni on 9Be
all reaction channels are almost equally populated,
while for 112Sn on 197Au the inelastic (Coulomb
excitation) channel dominates. The extracted Z

resolution was 0.7 (FWHM) for the reaction with
55Ni and 0.8 (FWHM) for the 112Sn (a product of
124Xe fragmentation) induced reactions. For the
mass identification, which is the subject of a
forthcoming paper [31], the combined DE þ E

information is used to extract from the total
kinetic energy the mass number, thereby assuming
the same velocity for all reaction products with a
given charge.
In the RISING experiments, the accuracy of the

position determination, measured with the Si
detectors, is limited by the angular spread of the
ions after the secondary target. It amounts at least
iments exploring 9Be(55Ni,xn,yp) (left) and 197Au(112Sn,xn,yp)
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to 7mrad (FWHM)(see Fig. 1) corresponding to a
circle of 20mm diameter at the CATE position.
This is large compared to the intrinsic position
resolution. Beam intensities of several thousand
ions per second could be accepted for the DE–E

telescopes without deteriorating the detection
characteristics. After an accumulated dose of
4109 heavy ions on the central Si detector, the
leakage current increased from originally 100 nA
to 2mA: Although the detector resolution did not
deteriorate significantly, the detector was replaced
at that stage.
5. High-resolution g-ray detection with
Ge-detectors

5.1. Doppler effect at relativistic energies

In the following section we will summarise the
relevant formulas [37,38] for the Doppler effect,
which are important for the design of the g-
detection array, since the photons from the excited
projectiles are emitted in flight. Due to the large
beam velocity of bX0:4 at an energy around
100AMeV, the observed g-ray energies, Eg; are
Fig. 7. The ratio of the photon energy Eg measured in the laboratory f

versus the laboratory angle Wg for bombarding energies of 6, 100 and
strongly Doppler shifted relative to the de-excita-
tion g-ray energy, Eg0; for the projectile at rest
according to the following formula:

Eg

Eg0
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

q
1� b cos Wg

with

b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT lab=ApÞ

2
þ 1863ðT lab=ApÞ

q
931:5þ T lab=Ap

:

Fig. 7 shows the Doppler shift for beam energies
of 100 and 200AMeV compared with an energy
close to the Coulomb barrier, 6AMeV. The
quantity Wg denotes the angle between the g ray
and the projectile fragment in the laboratory
frame. The small scattering angles of the fast
moving projectile fragments (Wp3), means we can
take the angle Wg as the g-ray detection angle with
respect to the beam axis in order to simplify the
calculation. This approximation will be taken in
the following discussion. At Wg ¼ 0 the g-ray
energy can reach Eg � 1:6Eg0; while at Wg ¼ 180

Eg � 0:6Eg0 for 100AMeV beam energy.
To find the optimal positions for the g-detectors,

we also have to take the Lorentz boost of the g
rame, to the photon energy Eg0 in the rest frame of the projectile

200AMeV.
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rays into consideration. Since in both laboratory
and rest frame the z-axis is the beam direction, we
obtain the following relations between the g-ray
emission angle and the solid angle:

frest
g ¼ jlab

g

cos yrestg ¼
cos Wg � b
1� b cos Wg

dOrest

dO
¼

Eg

Eg0

� �2

¼
1� b2

ð1� b cos WgÞ
2
:

One should note that the relation between the solid
angles is given by the square of the Doppler shift
(see Fig. 7). This leads to a g-ray intensity
distribution which is peaked at forward angles
and, hence, increases the g-detection efficiency at
small angles.
To correct for the Doppler shift, i.e. to get the g-

transition energy Eg0 from the detected Eg; b and
Wg must be determined precisely. The velocity, b;
can usually be derived with an accuracy of better
than 1% (TOF measurement), but the accuracy of
Wg is worse in most cases because of the opening
angle of standard g-ray detectors. The Doppler
broadening due to the opening angle is given by

DEg0

Eg0
¼

b sin Wg
1� b cos Wg

DWg
Fig. 8. The expected g-ray energy resolution DEg0=Eg0 as a function of

For the Doppler broadening an opening angle of DWg ¼ 3 (left) and

respectively.
where the opening angle can be estimated by

DWg ¼ 0:622 arctan
d

Rþ 30
:

Here d(mm) denotes the diameter of the Ge
crystal, R(mm) the distance to the target, 30 mm
is the assumed interaction depth in a Ge
crystal and the factor 0.622 which was deter-
mined empirically allows the calculation of the
FWHM value. For the case of d ¼ 59mm (for
crystals of a Cluster detector), R ¼ 700mm we
obtain an opening angle of DWg ¼ 2:9 or 50mrad
and an energy resolution DEg0=Eg0 ¼ 1% (for
b ¼ 0:43) at a detection angle of Wg ¼ 15: Fig. 8
(left) shows the Doppler broadening for an
opening angle of DWg ¼ 3 versus the laboratory
angle Wg:
For very short-lived states in the pico-second

range the expected g-ray energy resolution
DEg0=Eg0 depends also on the projectile velocity
b: Since rather thick targets are used, the
projectiles may decay within the target during the
slowing down process. Therefore, the velocity of
the projectile at the time of g-ray emission is not
known precisely. The relevant formula for the
Doppler broadening is given below

DEg0

Eg0
¼

b� cos Wg
ð1� b2Þð1� b cos WgÞ

Db:
the laboratory angle Wg for a bombarding energy of 100AMeV.

a spread in the beam velocity of Db ¼ 6% is assumed (right),
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Fig. 8(right) shows an example of the Doppler
broadening for a spread in the beam velocity of
Db ¼ 6% versus the laboratory angle Wg:
In typical Coulomb excitation experiments, Au

targets with a thickness of 400mg/cm2 are used. If
we consider a fragment beam (100AMeV) and a
mean lifetime for a state of t ¼ 0:5 ps; approxi-
mately 70% of the excited projectiles will decay
within the target. The uncertainty in the beam
velocity is Db ¼ 6% which effects the g-ray energy
resolution especially at forward and backward
angles. Therefore, we have to consider effects on
the g-ray line shape due to energy losses of the
excited nuclei in the target. For the example
mentioned above, the mean lifetime t ¼ 0:5 ps will
not prevent the observation of the g-ray transition,
since � 30% of the g-ray intensity remains in the
sharp component of the g-peak (DEg0=Eg0 ¼ 1%).
5.2. Cluster array for experiments at relativistic

energies

The g-ray detectors used in the RISING
experiment are the Cluster Ge detectors from the
EUROBALL spectrometer [39] and the segmented
Ge detectors from the MINIBALL spectrometer
[40].
Fig. 9. A photograph of the set-up of the first phase of

RISING. The beam comes from the right. BaF2-HECTOR

array, target chamber with one BaF2 and one VEGA monitor

detectors placed perpendicular to the beam axis, and the Ge-

Cluster array are shown on the right, middle, and left,

respectively.
In the first phase of the project the array was
made up of 15 Cluster detectors. The photograph
of the set-up is shown in Fig. 9. Each Cluster
detector comprises seven closely packed tapered
hexagonal Ge crystals [41] housed in a common
cryostat. Each Ge crystal is encapsulated in a
permanently sealed Al can. Due to the possibility
to add back the energies measured in neighbouring
crystals after Compton scattering a high full-
energy efficiency is maintained up to g-ray energies
of several MeV [42]. Therefore, Cluster detectors
are ideally suited for the fast beam RISING
experiments where g-ray energies are strongly
Doppler shifted to higher energies.
For experiments with beam energies around

100AMeV the Ge detectors have to be positioned
at forward angles in order to maximise the
effective solid angle affected by the Lorentz boost,
and to minimise the Doppler broadening effect
(see previous section). For optimum packing the
crystals are arranged in three rings around the
beam pipe, with the axis of the central detectors in
each ring positioned at 151, 331, and 361.
A design goal for the array was to obtain about

1% energy resolution for a g transition, emitted
from a nucleus moving at b ¼ 0:43: This criterion
defines the distance to the target.
Due to the Lorentz boost the main efficiency

contribution comes from the detectors closest to
the beam line in the forward direction. Using the
formula given in Section 5.1, the efficiency and
resolution of the detectors was estimated based on
the known performance of the detectors at 445mm
(regular distance in EUROBALL spectrometer),
using standard g-ray sources (b ¼ 0). At 15 a
distance of 700mm to the target was obtained. The
mechanical constraint of the 16 cm diameter beam
pipe defined this to be the most forward angle
possible. In addition, due to the complexity of the
downstream CATE detector, the distance of this
first ring from the target could not be changed.
The resolution of the detectors in the 2nd and

3rd rings at a distance of 700mm, at b ¼ 0:43;
would be significantly worse. Therefore, the array
was designed such that these detectors could be
positioned at a variable distance from the target
(700–1400mm). This various detector configura-
tions to be chosen depending on the relative
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Table 1

Detectors and their positions in the RISING g-ray spectrometer

Ring Detector type Number Angle (deg) Distance (mm)

1 Cluster 5 15.9 700

2 Cluster 5 33.0 700–1400

3 Cluster 5 36.0 700–1400

4 MINIBALL 4 51.3 180–500

MINIBALL 1 51.3 227–500

5 MINIBALL 2 86.0 180–500

MINIBALL 1 86.0 232–500

The angles quoted for the Cluster detectors are between the

beam direction and the axis of the central crystal, and for the

MINIBALL detectors between the beam and the central axis of

the triple cryostat.

Table 2

Estimated performance of an array with Ge detectors at the

closest position and at a position optimised for energy

resolution considering the highest background from atomic

radiation

Ring Distance

(mm)

Energy

resolution (%)

Efficiency (%)

1 700 1.00 1.00

2 700 1.82 0.91

3 700 1.93 0.89

Total Cluster 1.56 2.81

4 180 0.70 2.75

227 0.57 0.46

5 180 0.68 1.01

232 0.56 0.32

Total

MINIBALL

0.67 4.55

Total array 1.01 7.35

1 700 1.00 1.00

2 1295 1.01 0.28

3 1372 1.01 0.24

Total Cluster 1.00 1.52

4 400 0.36 0.82

5 400 0.37 0.36

Total

MINIBALL

0.36 1.18

Total array 0.73 2.70

The given efficiencies include the Lorentz boost.
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importance of efficiency to energy resolution to
achieve the physics goals of a particular experi-
ment. A summary of the detectors and their
positions is given in Table 1.
To allow access to the target position, main-

tenance of the spectrometer and the option of
running non-RISING experiments with the detec-
tors still in the experimental area, the array splits
perpendicular to the beam direction, moving 1.4m
on one side and 3.2m on the other side.
In the second phase, the existing three rings of

Cluster detectors are maintained and the MINI-
BALL detectors [40] are added in two rings with
the axis of centre of the triple cryostats at 51:3

and 86:0: Each ring can consist of up to five
detectors, although only a total of eight detectors
will be available. Again a range of target to
detector distances is permitted. These detectors are
a further development of those used in the Cluster
detectors. Each MINIBALL detector comprises
three encapsulated Ge crystals, the same size as the
Cluster capsules, mounted in one cryostat. Each of
these capsules is electronically segmented six ways
on its outer surface. The signals from each segment
are read out independently and passed to a digital
electronics system. The digital electronics is then
used to determine the energy, time of interaction
and, by complex pulse shape analysis, the position
of interaction in the crystal. Information on the
position of the main interaction in the crystal,
supposed to be the first interaction, is extremely
useful in these fast beam experiments since the
correspondingly improved Doppler correction
allows the detector to be placed significantly closer
to the target. This increases the efficiency while
maintaining good resolution. If a position resolu-
tion determination of 5mm is assumed, a mini-
mum distance smaller than the beam pipe diameter
(130mm) for a detector angle of 90 is derived for
1% energy resolution at b ¼ 0:43:
However, the minimum distance is determined

by the mechanical constraints of the beam pipe
and target chamber (relaxing the position resolu-
tion requirement). There is an additional con-
straint imposed by the isolated hit probability and
the intense atomic background. As discussed in
Section 2.2 the dominant background from
bremsstrahlung scales with the charge of projectile
and target. For the worst case, corresponding to a
238U beam incident on a 208Pb target, the closest
Ge detectors may be placed 400 mm distance from
the target.
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Table 2 shows the calculated performance of
RISING assuming a 1.3MeV g ray emitted from a
nucleus moving at b ¼ 0:43: In these calculations
the velocity spread in the target and the recoil cone
were ignored. The total energy resolution is a
weighted average of the energy resolution scaled
by the efficiency.
All experiments so far were performed with the

Cluster detectors in their closest position
(700mm). To reduce the contribution from the
atomic background radiation, each Cluster detec-
tor was surrounded on the side by the lead shield
of 2mm thickness, and had in the front side a
combination of Pb, Sn and Al absorbers of 5mm
thickness. The efficiency was determined experi-
mentally with standard g-ray sources. A compar-
ison with corresponding simulation calculations
revealed a very good agreement. Multiplying with
the appropriate Lorentz factor results in 3%
efficiency at 100AMeV for 1.3MeV g ray. The
preliminary energy resolution ranging from 1.2%
to 1.5% is in agreement with the calculated value.
Fig. 10. Simulated HECTOR array efficiency as a function of

g-ray energy in the centre of mass frame.
6. High-energy g-ray detection with the HECTOR
array

In order to have the possibility of measuring low
and high energy g rays with comparable efficiency,
eight large-volume BaF2 scintillators (part of the
HECTOR array) are placed in the RISING set-up.
These detectors have a good time resolution and
high detection efficiency, complementing the Ge-
Cluster detectors. The sub-nanosecond time reso-
lution means that one can use the time information
to identify sources of various background compo-
nents. In addition, these detectors can be used to
measure low-energy transitions when they corre-
spond to well separated lines in the spectra
resulting in an increase of the overall efficiency
of the g-ray detection system.

6.1. HECTOR array for experiments at relativistic

energies

The HECTOR array consists of eight large
scintillating crystals of BaF2, 145mm in diameter
and 175mm in length [43,44]. The crystals are
tapered for half of the length in a hexagonal shape
and have a cylindrical shape for the second half.
Each crystal is coupled to a single fast photo-
multiplier tube (EMI 9823QA, 125mm in dia-
meter) with a quartz window, selected for its
stability in terms of counting rate and connected to
an active voltage divider. Each BaF2 detector
works at an operating voltage set between �1500
and �1800V to maximise the linearity of its
response with respect of the incident energy. For
the same purpose, the energy signal is taken from
the 10th dynode of the photo-multiplier. Due to
the very fast scintillation light of BaF2 material,
each detector has a sub-nanosecond intrinsic time
resolution. The energy resolution is of the order of
10% for the 1173 and 1332 keV lines of 60Co.
The gain fluctuations of each detector are

monitored by a LED system that produces three
light pulses of different intensity corresponding to
three different energies detected in the crystal,
spread over the range of interest of the experiment.
The light pulses can be triggered either internally
or externally by a NIM signal [45]. The internal
radiation arising from radium contaminations in
BaF2 crystals is used to monitor the performance
of the detectors.
In the RISING set-up, the BaF2-HECTOR

detectors are placed at 350 mm from the target
at a backward angle of 142: It is also possible to
place two detectors at 90 without interfering with
the Ge-Cluster detectors or with MINIBALL Ge
detectors. This geometry represents a compromise
to get the maximum solid angle, with a minimum
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Fig. 12. Time spectra gated by the energy deposited in the

MUSIC chamber (see inset), one gate corresponds to the low-Z

fragments (open circles) and the other gate to the Z of the

primary Kr beam (solid line).
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Doppler broadening effect. To reduce the con-
tribution from the atomic background radiation,
each crystal is surrounded on the side by a lead
shield of 6 mm thickness, and has on the front side
selectable Pb-absorbers of 1, 3 or 6mm thickness.
The performance of the BaF2-HECTOR detec-

tors in the RISING set-up and for the measure-
ment of g rays from relativistic beams has been
simulated using the GEANT 3.21 programme [46].
Fig. 10 shows the absolute full-energy peak
efficiency for the BaF2 detectors placed at
350mm at 142 or 90 and assuming a source
velocity of b ¼ 0:2 and 0.43.

6.2. Background investigation in the commissioning

phase

In addition to the primary role of measuring
high-energy g rays emitted from the giant dipole
resonance, the eight BaF2 detectors have been
shown to be very useful for the investigation of
sources of disturbing background radiation in the
RISING experiments.
Fig. 11 shows the time spectra measured with

the 142 BaF2-detector as obtained with a 84Kr
beam at 113AMeV on an Au target and for an
empty target frame. The spectra show a rather
large contribution from background radiation (the
broad distribution peaked at �5 ns). From the
value of the centroid position of the broad
Fig. 11. Time spectra measured with a BaF2 detector with

respect to start signals from the plastic scintillator SCI2, using

the relativistic 84Kr beam and an Au-target (solid line), or an

empty target frame (open circles).
structure it is deduced that this background
radiation is originating from decays occurring at
a distance of 1–4m upstream from the target. The
prompt radiation from the target gives rise to the
narrow peak at t ¼ 0:
Fig. 12 shows two time spectra gated by

different values of the energy deposited in the
MUSIC detector. The spectrum gated on the low-
Z fragments has a shape very similar to that
measured with the target frame only (see Fig. 12)
and therefore it contains predominantly the back-
ground contribution. In contrast, the spectrum
gated by the Z value of the 84Kr beam clearly
shows the prompt peak associated with events
from the target. The background radiation, pre-
ceding the prompt peak from the target, still
remains indicating that it is related to fragmenta-
tion reactions occurring behind the MUSIC
chamber. In addition, different components of
the radiation detected by the BaF2 detector are
seen. Delayed radiation and neutrons emitted from
the target (7–12 ns after the prompt peak) and the
g radiation from reactions induced by the Kr beam
hitting the CATE detector (17 ns after the prompt
radiation), can be identified. Following this
observation, a Pb absorber wall has been built to
reduce the upstream background which cannot be
separated by time conditions in the Ge detectors
due to their limited time resolution.
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7. Data acquisition and control system

As described in previous sections, RISING is a
combination of three independent detector sys-
tems, the EUROBALL Ge-Cluster detectors, the
HECTOR array and the FRS detectors including
the CATE array. Each of these systems has an
individual data acquisition systems (DAQ) produ-
cing independent events. To assemble them in
common events, a time-stamping technique for
event synchronisation, was developed in the
framework of the GSI standard DAQ system,
MBS [47]. Each sub-system is equipped with a
newly developed VME time stamping module,
TITRIS [48]. It produces a single-hit 48-bit time
stamp with the least significant bit being 20 ns. As
the hardware set-up is identical in all branches one
TITRIS module is arbitrarily chosen to be a
master, while all the others are slaves. All of them
are connected in a line via a synchronisation bus,
the length of which can exceed 100m. The master
module sends regularly synchronisation pulses to
all slave modules and in this way keeps all modules
Fig. 13. Block diagram of the RIS
on the same time base. Within this procedure, the
signal cable delay of the calibration pulses is
automatically taken into account by the slave
modules. Tests and in-beam measurements re-
vealed a precision better than 20 ns (RMS) for the
complete timing system. Within the TITRIS
module, the special daisy-chain readout is avail-
able, which is mandatory for the EUROBALL
VXI system. The design of the time stamping
system allows for the integration of up to 16
TITRIS modules in a system. Thanks to this new
approach it is possible to keep most of the original
components of the RISING sub-systems in opera-
tion. They still run independently and are fully
operational DAQ systems with individual trigger
sources and produce their local dead time for the
readout. In addition, it is also possible to feed
identical triggers into all sub-system and to
combine their local dead times, as it was done
for the RISING set-up. Upon receipt of each
accepted trigger, the digitisers are read out and the
event data are sent via a TCP socket to an event
builder. The time-stamping module gets a signal
ING data acquisition system.
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from the Master Trigger Output signal for each
accepted trigger. The time difference of the time
stamps from the same trigger amounts to about
3ms and is caused by various signal delay times of
the VXI trigger card and the Master Trigger
Output of the VME trigger module. This constant
time offset must be taken into account for the time
matching of events from different sub-systems. A
schematic diagram of the RISING DAQ system is
presented in Fig. 13.
The Cluster detector signals are processed and

digitised by the VXI Ge-Cluster cards providing 4
and 20MeV energy ranges and g-ray time with
respect to the VXI trigger. The cards are read out
by the VXI Readout Engine (VRE) and then sent
via the DT32 bus (10MHz, 32-bit differential
ECL) to a VME processor [49]. Up to this stage
the procedure is identical to previous EURO-
BALL experiments [50]. The VXI modules and
DAQ are controlled by the MIDAS software
package [51]. On the VME processor a new
programme developed for RISING sends event
data in large data blocks via TCP sockets to an
MBS event-builder PC. This event-builder
receives the data, converts it into the MBS data
format and provides it for further processing like
data logging, online monitoring and most impor-
tantly as a data source for the RISING master
event-builder described below. The DAQ system
for FRS/CATE and HECTOR are structurally
identical MBS systems. A VME crate contains a
RIO3 readout processor, the GSI trigger module,
the TITRIS time stamping module and digitisers,
QDC, ADC, TDC, scaler and pattern unit. The
energy and time signals from the BaF2 detectors
were collected for the HECTOR DAQ. For the
fast component, a dedicated signal shaping and
stretching module was developed to adopt the
timing signal to the Ge branch. In order to set up
and calibrate the BaF2 array, a special data
acquisition system, based on K-Max 7.2 [52] was
employed.
The collecting and sorting of the data from

all sub-systems is made by the RISING master
event-builder running with an independent MBS
system. For this purpose a new MBS programme
has been developed. It has to fulfil three main
tasks:
(1)
 Connect (and disconnect) rapidly to the sub-
systems data output stream via TCP sockets.
This allows for easy partitioning of the DAQ
system, i.e. during set up phases.
(2)
 Sort all events from the connected systems
according to their time stamps in ascending
order into a single data output stream.
(3)
 Format all events into output buffers for data
logging and online monitoring purposes.
It is the task of the data analysis, not the DAQ
system, to select from the time-sorted event stream
those which have to be combined into a real
‘‘physics’’ events. This allows the flexibility of
using different criteria to compose events from
identical data sets.
The basic trigger signal is derived from the SCI2

(see Section 3) providing a fast NIM signal, useful
in defining local triggers and establishing the time
reference. Two kinds of physics triggers are
implemented with the help of the SCI2 signal:
(1)
 SCI2 and at least one g ray in any Cluster
detector in coincidence form a physics trigger,
which is fed simultaneously to the Cluster
detector—and the FRS/CATE DAQ system.
(2)
 SCI2 in coincidence with at least a single g ray
in the HECTOR array. This trigger initiates
the readout of FRS/CATE and HECTOR.
In addition, a g-ray singles trigger for calibra-
tion and control purposes is foreseen. A second
type of a trigger is associated with generation of
control LED pulses used to monitor the stability
of the detector gains.
The on-line analysis of the combined RISING

data was performed using the GO4 package
developed at GSI [53]. An object-oriented pro-
gramme picked up a portion of the data output
stream from the MBS master event builder.
Subsequently, it produced raw histograms and
allowed for merging time sorted sub-events into
complete physical events. Various conditions on
the histograms could be set and combined in an
unrestricted way using a graphical user interface
[54], which also facilitated visualisation of the
histograms. Among other plots, two-dimensional
synchronisation matrices of control signals origi-
nating from different MBS branches were dis-
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Table 3

Summary of experimental details of the first RISING measurements including the nucleus of interest, primary and secondary beams,

secondary targets, excitation methods and g-ray transitions of interest

Nucleus of interest 84Kr 56Cr 53Ni 108Sn

Primary beam (AMeV) 84Kr 86Kr 58Ni 124Xe

(SIS energy) 165 419 600 700

Secondary beam (AMeV) — 56Cr 55Ni 108Sn

(energy at target) 113 136 171 142

Secondary target 197Au 197Au 9Be 197Au

Thickness (g/cm2) 0.4 1.0 0.7 0.4

Experimental method Coul. ex. Coul. ex. Two-step. frag. Coul. ex.

g ray of interest (keV) 882 1006 Unknown 1206

Ipi ! Ipf 2þ ! 0þ 2þ ! 0þ 2þ ! 0þ
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played. Calibrated and Doppler-corrected g-ray
spectra, gated by the tracking detectors, were
available on-line.
8. First experiments and data analysis

Four experiments have been performed with the
RISING set-up so far. Table 3 summarises
experimental details of the measurements includ-
ing the nucleus of interest, primary and secondary
beams, secondary target, experimental method and
the g-ray transition of interest. In all cases g rays
depopulating excited states were measured by
the Ge-Cluster and BaF2-HECTOR arrays.
Preliminary results of the still on-going data
analysis will be presented to illustrate the perfor-
mance of the set-up.
In the first experiment, a primary beam of 84Kr

was impinging on a 197Au target mounted in the
final focal plane of the FRS in order to investigate
the feasibility of Coulomb excitation measure-
ments under the best beam conditions by measur-
ing the 2þ ! 0þ g transition in 84Kr and to study
the particle–g angular correlation at relativistic
energies. Two relativistic Coulomb excitation
experiments with secondary beams were per-
formed to measure B(E2) values of transi-
tions, depopulating the first 2þ state in radioactive
neutron-rich 56Cr and neutron-deficient 108Sn. In
the case of 108Sn, a thinner 197Au target and
higher energy of the secondary beam than in the
case of 56Cr were chosen because of the
expected short lifetime (� 0:4 ps) of the first 2þ

state of 108Sn. Thus, the fraction of g rays from
decays in the target, causing large Doppler-shift
uncertainties, as discussed in Section 5.1, is
reduced.
A two-step fragmentation method was applied

to identify the first excited states in 53Ni. The goal
of the measurement was to study the mirror
symmetry between 53Ni and 53Mn. A secondary
beam of 55Ni was produced by fragmentation of a
58Ni primary beam on a Be target, and was
impinging on a secondary beryllium target
mounted at the final focal plane of the FRS. The
reaction fragments were detected by CATE using
the DE–E correlation.
Data analysis was performed by software based

on GO4 [53] and ROOT [55], developed for off-
line analysis. The examples shown below are the
first results of the RISING experiments on 84Kr,
56Cr and 53Ni.
The selected particles, reaching the secondary

target were identified in terms of A=Q and Z by
TOF and MUSIC, respectively, as described in
Section 3. Out-going particles after the target were
identified and selected by CATE using DE–E

correlations. Since the mass analysis of CATE is
still in progress, only different elements can be
selected at present. g rays within a time range of
�25 ns were selected with a further requirement of
multiplicity Mg ¼ 1 for EgX500 keV (in the
laboratory frame). In- and out-going particles
were tracked by the two Multi-Wire chambers
before the target and by CATE behind the target.
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Fig. 15. Doppler-corrected g-ray spectrum of 56Cr Coulomb

excitation at 136AMeV on a 1:0 g=cm2 gold target.
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The vertex on the target, the scattering angle
between an in- and an out-going particle and the
angle between an out-going particle and a g ray
were calculated event-by-event. A range of scatter-
ing angles was selected in order to enhance the
Coulomb excitation events. The calculated angle
between an out-going particle and a g ray was used
for Doppler correction. A velocity factor, bt;
behind the target, which is used for Doppler
correction, was calculated event-by-event by using
the TOF measurement with the two plastic
scintillators together with the calculated energy
loss in the target.
Since in the 84Kr experiment the primary beam

directly impinged on a gold target, selection of the
in-coming projectile was not necessary and a fixed
b ¼ 0:396 was used for the Doppler correction.
Out-going particles with Z ¼ 36 were selected by
CATE. A conservatively chosen range of scatter-
ing angles between 0:7 and 1:5 was demanded.
Fig. 14(b) shows a Doppler-corrected g-ray
spectrum under the above conditions. The
Fig. 14. Gamma-ray spectra for 113AMeV 84Kr projectile

Coulomb excitation on a 0:4 g=cm2 thick Au target, (a) without

and (b) with Doppler correction. The 2þ ! 0þ transition at

882 keV is marked.
882 keV (2þ ! 0þ) transition of 84Kr is clearly
visible. No background subtraction was applied.
The FWHM and the significance of the peak are
1.5% and 8s; respectively. For comparison, the
same spectrum without Doppler correction is
displayed in Fig. 14(a). Here, the g-ray intensity
corresponding to the (2þ ! 0þ) transition is
distributed between 1100 and 1400 keV leaving
no indication of a peak.
For the analysis of the 56Cr data similar method

was applied. Out-going particles with Z ¼ 24 and
a scattering angle between 0:5 and 3:5 were
selected by CATE to enhance Coulomb excitation
events. The velocity, bt; was determined event-by-
event with the TOF measurements and corrected
for energy loss in the target. In Fig. 15, the
Doppler-corrected g-ray spectrum under the above
conditions is shown. The 2þ1 ! 0þ transition at
1006 keV is clearly observed.
For the 53Ni data only very preliminary results

of the analysis performed during the experiment
are currently available. As no information on
tracking and TOF was used for the event
reconstruction, the angle of Ge-detectors with
respect to the target centre was used for the
Doppler-correction with a fixed bt ¼ 0:45: The
selection of scattering angles was not done. In Fig.
16, Doppler-corrected g-ray spectra are shown for
different element selection by CATE, (a) Co, (b)
Fe, and (c) Cr. For these spectra only 10% of the
data were analysed. In Fig. 16(a), the known g-
transitions (2þ ! 1þ) at 509 keV and (1þ ! 0þ)
at 937 keV in 54Co are indicated. In Fig. 16(b), the
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Fig. 16. Gamma-ray spectra of the fragmentation reaction 55Ni on 9Be with selection on different elements: (a) Co, (b) Fe, and (c) Cr.
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(2þ ! 0þ) 849 keV transition of 52Fe is shown,
and in Fig. 16(c) the (2þ ! 0þ) and (4þ ! 2þ)
transitions of 50Cr at 783 and 1098 keV, respec-
tively, are present, demonstrating that fragmenta-
tion reactions populate states with spins beyond
2_: Additional peak structures in all three spectra
are due to the decay of higher lying states of the
selected isotopes and transitions in other isotopes
since no mass selection was applied. The g-ray
energies in Fig.16 are slightly shifted as compared
to the literature values and the peaks are broader
than expected. This results from the absence of
tracking and b measurement in the on-line
analysis. The event-by-event analysis which is
now in progress will significantly improve the final
result.
9. Summary and conclusion

The RISING set-up allows for high-resolution
g-ray spectroscopy experiments employing
beams of short-lived isotopes at 100AMeV energy
from the SIS/FRS facility at GSI. It comprises
heavy-ion tracking detectors for incoming
beam nuclei impinging on a secondary target, the
CATE detector for outgoing heavy ions and the
EUROBALL Ge-Cluster detector and BaF2-
HECTOR detector arrays for g-ray detection. A
new data acquisition system with independent sub-
systems linked by time stamps was employed for
the first time at GSI to connect three data
branches.
The set of particle detectors is capable of

uniquely determining the mass and charge of each
beam nucleus with the necessary precision. In
addition, they allow the measurement of the
velocity and direction of the fast-moving nucleus,
information necessary to perform the Doppler
correction of the measured g-ray energy. The first
phase of the Cluster array has a full-energy
efficiency of 3% with 1.2–1.5% energy resolution
at 100AMeV. The novel position-sensitive DE–E

calorimeter, CATE, enables an accurate scattering
angle determination, limited only by target angu-
lar straggling. The charge identification is unique
and a mass identification with a resolution of
DA=AX0:5% is expected, depending on further
ongoing complex analysis steps. The excellent time
resolution of the HECTOR array has been used to
identify background sources, which were reduced
during commissioning.
The first Coulomb excitation and secondary

fragmentation experiments with RISING demon-
strated that the set-up fulfils all requirements and
provides a new powerful instrument for high-
resolution in-beam g spectroscopy at relativistic
energies.
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Abstract
An experiment utilizing a double fragmentation reaction was performed to
study isobaric analogue states in A ∼ 50 nuclei approaching the proton drip-
line. γ -ray spectroscopy will be used to identify excited states in the neutron-
deficient nuclei produced in the second fragmentation reaction. Excited state
level schemes will be obtained, through comparison with states in their well-
known mirror partners, along with information on Coulomb effects through
measurements of the Coulomb energy differences between isobaric analogue
excited states. The validity of isospin symmetry for nuclei approaching the
proton drip-line can also be investigated and the information gained will aid in
testing and improving fp shell model calculations. The analysis of the collected
data is at a preliminary stage and current status of this work is reported.
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1. Introduction

The study of exotic nuclei near to the proton drip-line has had renewed interest as
more and more nuclei have become experimentally accessible, due to technological and
accelerator improvements. Fragmentation reactions have proven their ability of producing
N ∼ Z,A ≈ 50 nuclei with large cross-sections compared with fusion–evaporation reactions.
The production of these neutron-deficient nuclei, along with their mirror partners, is of great
interest as they provide ideal laboratories for investigating isospin symmetry and Coulomb
effects for large proton excess and also probe the extent of nuclei bound to ground or excited
state proton emission. Full fp shell model calculations have been shown to be successful when
explaining the properties of nuclei in the upper half of the f7/2 shell but fall short for nuclei
in the lower half where excitations from the closed 40Ca core contribute to the excited state
wavefunctions. Spectroscopic information gained from this work on the produced neutron-
deficient fp-shell nuclei can be used to test and improve shell model calculations in this region.
Nuclei such as 45Cr and 44V for which no γ -ray transitions have yet been observed and 43V
which is the lightest bound V isotope with the last proton being bound by ∼200 keV are of
particular interest. It is expected for 43V that a combination of the centrifugal and Coulomb
barriers will strongly inhibit proton emission from the yrast excited states and that γ decays
will be observed. In fact, γ decays have recently been observed from yrast states between
Jπ = 3/2− and 13/2− in 61Ga [1] where the proton binding energy is very similar.

2. Experimental details

The experiment was performed at the GSI laboratory in Darmstadt, Germany and utilized
a two-step fragmentation reaction. A beam of 58Ni (5 × 108 pps) was accelerated to
600 MeV A−1 and impinged on a 9Be target (4 g cm−2) located at the entrance of the
FRagment separator (FRS) [2]. The FRS separated the fragments of interest which were then
identified using a combination of inline detectors, multi-wire and scintillation detectors and an
ionization chamber. The separated fragments (∼4 × 105 pps), with energies ∼170 MeV A−1,
then impinged on a second 9Be target (700 mg cm−2) where a second fragmentation reaction
occurred. De-excitation γ rays emitted from these high velocity fragments (v/c ≈ 50%) were
detected by the rising Ge detector array. References [3, 4] give a detailed description of the
experimental setup. The fragments from the second reaction were detected downstream in
a CAlorimeter TElescope (CATE) [5] which consisted of nine individual position sensitive
Si detectors arranged in a square geometry behind which were nine CsI detectors arranged
in the same geometrical configuration. The Si detectors provide an energy loss signal for
the fragments passing through which can be used to provide Z identification and the residual
energy deposited in the CsI detectors combined with the energy loss in the Si detectors can
provide fragment mass identification. By correlating implanted and identified fragments with
detected prompt γ rays, spectroscopy of exotic neutron-deficient nuclei can be performed.

3. Data analysis

The selection of primary fragments of 55Ni (or 55Co) and secondary fragments of Ni (or
Fe) in CATE (without any isotopic selection), allows prompt γ -ray spectra to be produced.
Figure 1(a) shows such a Doppler corrected γ -ray spectrum for all the Ni isotopes produced.
Transitions at 1227 and 1392 keV can clearly be seen which correspond to the 4+

1 → 2+
1 and

2+
1 → 0+

1 transitions respectively, in 54Ni [6], which has the largest production cross-section.
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Figure 1. (a) Ni gated γ -ray spectrum showing clearly the 1227 keV 4+
1 → 2+

1 and 1392 keV
2+

1 → 0+
1 transitions in 54Ni [6], the Ni isotope with the largest production cross-section. (b) Fe

gated γ -ray spectrum showing the 1130 keV 4+
1 → 2+

1 and 1408 keV 2+
1 → 0+

1 transitions in 54Fe
[7], the mirror nucleus of 54Ni.

Figure 1(b) shows the resulting spectrum for the mirror partner of 54Ni, 54Fe, with transitions
4+

1 → 2+
1 at 1130 keV and 2+

1 → 0+
1 at 1408 keV [7].

In order to produce similar spectra for fragments with smaller production cross-sections
than that of 54Ni such as 53Ni, 45Cr and 44,43V, mass separation for the secondary fragments is
required. Several signal corrections need to be applied to the CATE CsI detectors to achieve
definitive fragment mass resolution, these are due to:

• the variation of energy signal with fragment implantation position,
• the energy resolution dependence on the velocity spread of the primary and secondary

fragments,
• the energy resolution dependence on fragment implantation rate.

A correction for the variation in the detected energy signal with implantation position can
be performed by determining the implantation position from the position sensitivity of the
Si detectors. The (x, y) position of the interaction in a particular Si detector segment is
calculated from the charge collected at the four corners of the front face of the Si wafer in a
similar way to a two-dimensional potential divider. The charge collection points are attached
to different amplifiers with different gains which need to be matched before a correction for
the well-known ‘pin cushion’ effect can be applied. The ‘pin cushion’ effect, which arises
from the 1/r dependence of the charge collection, is discussed in [8, 9] and a software method
of correcting this effect has been developed by Lozeva et al [10].

The corrections performed in this work use a new and different approach that involves
using the correlation between the charge collected at diagonally opposite collection points
for each implantation signal. This new approach is required as the average charge collected
at each corner is not the same due to the distribution of fragments being non-uniform across
each segment. The correlation method is used to gain match the individual signals in a
self-consistent way after which the resulting (x, y) position is mapped onto the results from
a Monte Carlo simulation to recover the true geometrical implantation position. Although
the fragment energy resolution in the CsI detector is dependent on implantation position, the
main limiting factor to the achievable mass resolution is the spread in the velocity of the
primary fragments. This contribution to the resolution can be improved somewhat by using
time-of-flight and Bρ information from the FRS and the beam tracking detectors. An energy
resolution of ∼1% FWHM is sought for this data set to have adequate mass separation and a
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resolution of 2–3% [11] has already been achieved by Lozeva et al from a preliminary analysis
of these data. The resolution dependence on the implantation rate into the CsI detectors is yet
to be investigated as these complex detector correction procedures are still ongoing.

4. Summary

In summary, the analysis of the collected data is still at a preliminary stage. The spectra
shown in figure 1 are a testament to the technique used and show that spectroscopy using this
method to populate excited states in neutron-deficient nuclei in the A ≈ 50 region is possible.
The complexity of the experimental setup and the multi-array detection systems means that
novel analysis techniques are being employed in order to obtain γ -ray spectra of exotic nuclei
approaching the proton drip-line.
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Abstract
A newly developed CAlorimeter TElescope (CATE) is employed in the fast
beam RISING γ -campaign with relativistic energies at the FRS at GSI. CATE
consists of nine Si-CsI(Tl) detector telescopes for position and �E − E

measurements. It registers the scattering angle and identifies the charge (Z)

and the mass (A) of exotic heavy ions produced after secondary fragmentation
or Coulomb excitation.

1. Introduction

Within the fast beam RISING [1] campaign at GSI, stable and radioactive heavy-ion beams
at relativistic energies have been used, after separation by the FRS [2] and identification,
to investigate fragmentation reactions and single step Coulomb excitation with secondary
targets. To obtain information about the impact parameter and to distinguish the different
reaction channels, a position sensitive CAlorimeter TElescope (CATE) [3] has been designed
and employed. The detector system has been used for the detection of primary and secondary
heavy ions from 54Cr up to 132Xe in the energy range between 90 and 400 MeV/u (at the
detectors) with instantaneous rates between 1 × 102 and 5 × 104 p s−1.

2. CATE

CATE is a chessboard-like array of nine �E − E telescopes. Each of them comprises a
position sensitive Si-pin detector for position (x, y) and atomic number (Z) determination, and
a corresponding CsI(Tl) detector coupled to a photodiode for particle mass (A) determination

* NUSTAR conference contribution.
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Figure 1. Position response of the CATE-Si array for 54Cr ions with an energy of 170 MeV/u:
(a) raw and (b) corrected spectra.

Figure 2. Identification of 55Mn, 54Cr and 53V particles (a) before, and (b) after the secondary
reaction (197Au) target.

[3]. The CATE array is placed downstream from the secondary target, covering a solid angle
θ ∈ [−3, 3]◦, and having geometrical efficiency with respect to the incoming particles of 92%.

The position (x, y) is determined from the Si detectors via a charge division in its
resistive layer (with a sheet resistance of 4–5 k� cm−2). The resolution amounts to accuracy
of better than (3 × 3) mm2, tested with α-particles. The energy loss (�E) deposited in the
Si transmission detectors, is a measure of the atomic number (Z), which is approximated to
the particle charge (q) at relativistic energies [2]. The intrinsic energy resolution is about
1.5% (FWHM) for α-particles and about 2% (FWHM) for heavy ions (i.e. 86Kr with an energy
of 150 MeV/u and 58Ni ions with an energy of 120 MeV/u). The residual energy (Eres) is
deposited in the 25 mm thickness of the CsI(Tl) scintillators. Combined with the �E signal
in the Si semiconductors, it is a measure of the ion mass A, under the assumption that all
particles with the same mass have the same velocity. The intrinsic heavy ion energy resolution
of these stop detectors is about 0.8% (FWHM), found with primary 86Kr beam at an energy
of 145 MeV/u and for a 58Ni beam at an energy of 113 MeV/u.

3. The position sensitivity

The position, determined with the Si detectors, gives a measure of the scattering angle, and
hence of the impact parameter, of the particles from the RISING secondary target. The
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(a)

(c)

(b)

Figure 3. The mass spectra of CATE for (a) fragmentation 55Ni(9Be,xn,3p) of 100 MeV/u
(b) Coulex 53V, 54Cr, 55Mn(197Au,0n,0p) of 170 MeV/u and (c) Coulex 67Ni, 68Ni,
69Ni(197Au,0n,0p) of 415 MeV/u.

thickness of the secondary target is usually chosen to keep the angular straggling of the order
of 10 mrad, corresponding to a position uncertainty at CATE of about 1 cm [1]. Therefore, the
intrinsic position resolution and the linearity are not critical. As demonstrated in figure 1(a),
the position response of the Si detectors is almost linear. Since the efficiency with respect to
the incoming particles is kept, only a simple calibration, using a normalization to the detector
size [4] is required to obtain the real position as shown in figure 1(b).

4. The particle identification

The energy measurement of the CATE detectors is found to be influenced by (i) the particle
position, (ii) the beam rate and (iii) the velocity. The first effect is connected to the nature of
the detectors and their inhomogeneity, while the rest are effects connected to the beam and
depend on its irradiation and distribution. Therefore, corrections are performed for all these
effects [4].
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In all in-beam studies the detector response revealed a unique Z identification with
extracted Z resolution of the particle cocktail of �Z ∼ 0.7–0.8 Z (FWHM). A typical example
is the system (55Mn, 54Cr, 53V on a 197Au target) at 170 MeV/u. For the selected 55Mn, 54Cr
and 53V ions, separated and identified by the FRS (see figure 2(a)), the reaction channels were
detected by CATE as shown in figure 2(b).

In fragmentation processes, the momentum variation of the abraded nucleons leads to a
spread of the momentum, respectively, the velocity of the final fragment [5]. Therefore, the
assumption of constant velocity for all secondary ion species does not hold. Consequently,
without a time-of-flight measurement after the secondary target, the possible mass resolution
is typically 2–3% (FWHM) at energies of about 100 MeV/u. These values were also found
from the total energy (Etot = �E + Eres) of CATE in the experimental data (55Ni on 9Be at
100 MeV/u). The energy is obtained after an absolute energy calibration and linearization of
the �E − E distribution [4]. As an illustration, the Etot spectrum for i.e. Z = 25 isotopes
is presented in figure 3(a) with multiple fit and deconvolution to single distributions (with
reduced χ2 � 5; χ2 = χ2/n, where n is the number of degrees of freedom). The identification
is performed by comparison of the energy centroids with simulated single mass distributions
using the LISE code [6], as indicated with arrows.

In relativistic Coulomb excitation it is important to distinguish the Coulex channel from
knock-out channels. For the selected isotopes in figure 2(b) the masses are obtained from the
Eres projection (in channels) and identified by their reaction probability with the secondary
target (since no energy calibration is performed). The extracted mass resolution from the
difference in the energy centroids is about 2% (FWHM), as shown in figure 3(b).

In another Coulex reaction of 67Ni, 68Ni, 69Ni on 197Au at 415 MeV/u, the high energetic
67Ni, 68Ni and 69Ni isotopes are identified in the same way and their mass resolution is
determined with an accuracy of about 1–2% (FWHM) (see figure 3(c)).

5. Summary

With the newly developed �E−E telescope, CATE, identification of relativistic heavy ions at
energies �100 MeV/u can be performed. The system has a good position resolution (�x,�y)

of (3 × 3) mm2 for scattering angle reconstruction, a unique charge resolution of 0.7–0.8 Z
(FWHM), a mass resolution of 2–3% (FWHM) for fragmentation and 1–2% (FWHM) for
Coulex channels.

Taking into account the intrinsic energy resolution, with an additional time-of-flight
measurement after the secondary target, the A resolution for fragments could be improved to
about 1% (FWHM).
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The RISING project was designed to perform high-resolution γ-ray
spectroscopy with radioactive beams at GSI. Unstable beams were pro-
duced by fragmentation of relativistic heavy ion projectiles provided by the
SIS synchrotron. The fragment separator FRS was used to select and to fo-
cus the exotic fragments at about 100AMeV energy on a secondary target.
Various charged particle detectors enabled an event-by-event tracking of the
incoming radioactive projectiles and the reaction products, thus allowing
for a selection of the nuclei of interest and their velocity vector reconstruc-
tion. The γ-ray detection system consisting of the EUROBALL Cluster Ge
detectors and the large volume HECTOR BaF2 detectors measured prompt
γ-radiation from nuclei excited in the secondary target. Despite the huge
Doppler shift due to the high recoil velocity (β ≈40%), RISING achieved
a γ-energy resolution below 2%. The paper reviews the present status of
the RISING project.
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1. Introduction, γ-spectroscopy studies with radioactive beams

Nuclei with an extreme N/Z ratio are expected to exhibit features not
observed near the stability line. By studying the structure of unstable nuclei
one can significantly extend the knowledge of nucleon–nucleon interactions,
nuclear symmetries, and collective excitation modes. Therefore, the explo-
ration of exotic regions of the nuclear chart becomes a key issue of current
and future research projects in the nuclear γ-spectroscopy domain.

Nowadays, rare nuclei so far inaccessible by conventional fusion-evap-
oration or transfer reactions, can be created in-flight by peripheral nuclear
collisions. Primary beams at intermediate energies ranging from a few ten to
several hundred AMeV are of use. The relativistic projectile impinging on
a primary-production target undergoes fragmentation. In this way, exotic
fragments with a large proton or neutron excess are produced. More neutron
rich nuclei originate from fission of heavy projectiles such as 238U, induced
by the Coulomb scattering on a heavy target.

The in-flight technique relies on a forward focusing of the reaction prod-
ucts and a high production yield due to the use of thick targets. Large
acceptance electromagnetic separators selecting the exotic fragments of in-
terest provide isotopically pure radioactive ion beams (RIB) [1].

The in-beam γ-decay of the excited rare projectiles can be studied [2].
On the other hand, the investigation of secondary nuclear reactions induced
by the RIB is feasible [3].

Pioneering γ-spectroscopy experiments with RIB produced by the in-
flight method were performed at GANIL [4] and GSI [5] in Europe, NSCL–
MSU [6] in the USA, and RIKEN in Japan [7]. However, important lim-
itations occurred due to the accelerator, the fragment separator, and the
detector techniques applied so far.

GSI offers a wealthy choice of high-intensity heavy-ion beams, including
uranium, at a wide range of energies. They can be used to produce secondary
projectiles through either fragmentation or fission, suitable for in-beam in-
vestigations. This, together with the availability of the most powerful γ-ray
detection system, the EUROBALL Ge array [9], could be considered as
a breakthrough in the discipline. A large international collaboration in-
volving over 40 institutions from 10 countries launched the RISING (Rare
ISotope INvestigation at GSI) research program, aiming at high-resolution
γ-ray spectroscopy with radioactive beams provided by the GSI facilities.
Measurements with fast RIBs at 100AMeV energy, exploring γ-decays of
rare nuclei excited via the Coulomb scattering or secondary fragmentation
reactions are presently being carried out. In future experiments, beams
slowed down to Coulomb barrier energies for investigations of states excited
in nuclear reactions and stopped beams for decay studies will be used.
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The three aforementioned campaigns require not only an efficient γ-ray
detection system but also a dedicated set of ancillary detectors selecting the
reaction channel of interest and tracking the decay products. In the forth-
coming paragraphs, a general description of the experimental techniques
used at RISING with fast beams is presented. This includes the secondary
beam separation, tracking of the reaction products and the γ-ray detection.
The in-beam performance of the system is discussed. The technical details
on the RISING setup for fast beams can be found in Ref. [8].

2. Radioactive beams at GSI and the RISING

heavy ion tracking detector system

The SIS synchrotron of GSI provides all the primary beams up to
238U [11]. The heavy ions can be accelerated up to 1 AGeV and reach in-
tensities of 109 particles per second. Depending on the requested secondary
ion, the relativistic projectiles interacting with the production target nuclei
may be fragmented or undergo fission.

The fully stripped fragments of interest produced in the reaction are sep-
arated in the fragment separator (FRS) by the Bρ−∆E−Bρ technique [10].
The FRS consists of two mirror sets of dipole and quadrupole magnets. Each
part selects heavy ions according to the A/Q ratio. A degrader placed in
the intermediate focal plane of the separator introduces a fragment velocity
dispersion due to the specific energy loss of different elements. Therefore,
the fragments with the particular A and Q are focused onto a secondary
target placed in the final focal plane of the FRS.

The exotic beams obtained in a projectile fragmentation reaction nearly
retain the velocity vector of the primary ions. Thus, the typical transmission
through the FRS is several ten per cent. In contrast, in fission reactions,
the energy transferred to the fragments induces a spread of their velocity
and direction, causing a reduction in the transmission to a few per cent
maximum.

Due to low production cross sections, the intensities of radioactive beams
may reach only 104 particles per second.Moreover, amomentum spread of the
fragments makes the precise determination of the projectile trajectory and
the energy difficult. Therefore, the optimization of the FRS settings and the
online control is essential in obtaining a good quality radioactive beam.

In Fig. 1 a schematic plot of the FRS setup incorporating various parti-
cle detectors used for the secondary beam monitoring is shown. The ioniza-
tion chamber MUSIC gives the proton number Z of the selected projectiles,
whereas the fast plastic scintillator detectors provide the corresponding time
of flight, allowing for a velocity and A/Q determination. The two position
sensitive avalanche multiwire counters are used to determine the trajectory
before the secondary target and to monitor the beam spot size and position.
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Fig. 1. Schematic layout of the RISING setup at the FRS fragment separator. The

beam diagnostic elements consist of two multiwire detectors (MW1 and MW2), an

ionization chamber (MUSIC) and two scintillation detectors (SCI1 and SCI2). The

γ-rays are measured with the BaF2-HECTOR and the Ge-Cluster detectors. The

ions emerging from the reaction target are identified with the CATE array.

The full identification of the reaction products and their scattering angle
after the secondary target plays a vital role in selecting the nucleus of inter-
est from a dominating unwanted background. The high efficiency position
sensitive ∆E − E telescope array CATE [12] was developed for RISING in
order to determine A, Z and the position of detected heavy ions. CATE al-
lows for measuring the full energy range of expected fragments with Z > 7.
The detector angular acceptance from θ = 0◦ to θ = 3◦ is sufficient for
detecting the Coulomb scattered nuclei up to the maximum grazing angle.

The interaction of heavy-ion beams at relativistic energies with matter
causes electromagnetic radiation of the atomic origin such as bremsstrah-
lung, target-atom ionization, or radiative electron capture [13]. These atomic
processes can be several orders of magnitude stronger than a nuclear level
excitation. Depending on the projectile energy, the atomic background can
extend up to several hundred keV. Therefore, to avoid the overlap with
the energy range where γ-rays from excited nuclear levels are expected i.e.,
Eγ >400 keV, the secondary beam energy shall be limited to about 100AMeV.

3. RISING γ-ray detector arrays at the FRS focal plane

The 100AMeV energy fragments excited in the secondary reaction, emit
γ-rays in flight with β = 43%. In the laboratory coordinate system, due
to the Lorentz velocity transformation, the electromagnetic radiation orig-
inating from the moving source is forward focused (Lorentz boosted). For
this reason, the fifteen EUROBALL Cluster Ge detectors were placed at
the forward angles between 15◦ and 36◦, 70 cm from the secondary target.
In order to increase the solid angle they were mounted without the anticomp-
ton shields. For the moving radiation source, such a geometry guarantees
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a gain in efficiency by a factor of about 2.2 with respect to the isotropic
photon emission at rest. Thus, taking into account the efficiency of 1.3%
measured with the 60Co source, the estimated overall value is about 2.8% at
1.3MeV energy.

The very large recoil velocity induces the Doppler shift of E/E0 ≈ 1.5
and a significant broadening of γ-lines observed at the forward angles. Nev-
ertheless, the use of the high-granularity encapsulated Cluster Ge detectors
allows to maintain a good energy resolution of ∆E/E < 2%. Furthermore,
the Cluster detectors enable the energy add-back that considerably increases
the efficiency at high γ-energies [14]. For example, the measurement per-
formed with a Pu-α-Be source giving gammas of 6.129MeV energy, revealed
a gain in the number of counts in the peak by a factor of two when using
the add-back mode.

The RISING γ-detection system benefits from eight large volume BaF2

counters from the HECTOR array [15]. The BaF2 detectors are particularly
suitable for measuring high-energy γ-rays, as originating from the GDR
decay. Although HECTOR is installed at the backward angle of 142◦, in
the area not occupied by the Clusters, its high efficiency compensates the
deficit due to the forward Lorentz boost of the γ-radiation emitted in flight.
Consequently, γ-rays of a few MeV energy can be registered in the HECTOR
array with an efficiency comparable to those of Clusters.

A photo of the RISING detector arrangement at the reaction target area
is shown in Fig. 2.

Fig. 2. The RISING γ-ray detectors placed around the reaction target. The BaF2

HECTOR (right) and the Ge Cluster (left) arrays are shown.
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4. In beam performance of the RISING system

The FRS/CATE heavy ion tracking detectors, the HECTOR array and
the EUROBALL Cluster Ge detectors run as fully independent systems,
with their original data acquisition being synchronized by time stamps.

Preparatory RISING measurements were done with the primary beams of
132Xe, 84Kr, and 40Ar propagated through the FRS. The first in-beam tests
permitted to adjust the subsystem settings and to elaborate the common
particle-γ trigger selecting valid events in all the parts.

Further in-beam optimization of the RISING setup included suppression
of the strong γ-radiation background arising from a beam scattering onto
the beam-line components. Discrimination of gammas from the target and
from a distant radiation source was possible due to a good time resolution
of the HECTOR BaF2 detectors. The most suitable arrangement of passive
γ-ray detector shields was chosen.

Gamma rays from the Coulomb excited 84Kr primary projectiles at
113AMeV hitting the 0.4 g/cm2 Au target were detected in the Cluster
detectors. A coincidence with the Kr ions selected by the CATE array was
required. Using a fixed value of β = 0.396 for the Doppler correction, the
measurement revealed an energy resolution of 1.5% for the 882 keV 2+

→ 0+

transition in 84Kr, as was expected from the setup design.
In contrast, when using a secondary beam, a fragment momentum spread

occurs. However, it can be compensated by an event-by-event projectile
tracking. The Coulomb excitation reaction of the secondary 54Cr projectiles
of 136AMeV energy on the Au target provides a good example, illustrating
the tracking procedure.

The 54Cr nuclei were obtained from the 86Kr primary beam fragmenta-
tion and separated in the FRS. They were further selected before and after
the reaction target by the MUSIC and the CATE detectors, respectively.
The corresponding Z−A/Q and ∆E−E scatter plots are presented inFig. 3.

54
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Fig. 3. The Z − A/Q (a) and the ∆E − E (b) plots. The 54Cr fragments were

selected before and after the reaction target, respectively.
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The projectile velocity used for event-by-event Doppler correction was
determined from the time-of-flight measurement. The positions of a γ-ray
detected by the Clusters and a scattered particle measured in CATE were
recorded. However, due to the rather big size of the irradiated target area
(see Fig. 4), in order to determine the actual γ-ray emission angle and the
particle scattering angle, the trajectory of every incoming and outgoing Cr
fragment had to be calculated.
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Fig. 4. Reconstruction of the secondary beam spot at the reaction target deduced

from the multiwire position information. The irradiated area had a diameter of

about 4 cm at FWHM.

The role of the projectile tracking in improving a γ-ray spectrum quality
is illustrated in Fig. 5. For the measured 834 keV 2+

→ 0+ transition
in 54Cr the overall energy resolution of FWHM = 2% was achieved when
using the event-by-event particle tracking, whereas the average zero degree
approximation resulted in resolution deterioration by a factor of nearly two.

The 54Cr particle angular distribution measured in coincidence with the
834 keV gammas is shown in Fig. 6. The significance of the experimental
points allows for comparison with the Coulomb excitation model calcula-
tions [16]. The plot clearly demonstrates an increase of the electromagnetic
interaction cross section with increasing scattering angle up to the maximum
grazing angle, where an absorption occurs.

A projectile scattering on the reaction target goes together with the
Coulomb excitation of a target nucleus. The relative intensities of γ-tran-
sitions from the Coulomb excited levels in the target and the secondary beam
nuclei can provide information on the decay probability of the studied pro-
jectile nuclei. In addition, a surveillance of the well known γ-rays emitted
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at rest from the target can help in choosing the optimal measurement con-
ditions as particle selection criteria and background suppression. In Fig. 7,
the in-beam non Doppler corrected γ-spectra are shown. When measured in
coincidence with the 54Cr fragments, the weak 547 keV line from the 197Au
7/2+

→ 3/2+ decay emerges from the huge γ-ray background. The inten-
sity ratio I(197Au; 547 keV)/I(54Cr; 834 keV)= 0.10±0.02, determined from
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the experiment, is in agreement with the relativistic Coulex code predic-
tion [16]. In the calculation the reduced transition probabilities B(E2) were
taken from [17] and [18] for 197Au and 54Cr, respectively.
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Fig. 7. In-beam non Doppler corrected γ-spectra measured without (upper panel)

and with (lower panel) 54Cr particle selection. The weak 547 keV γ-transition from

the Coulomb excited 197Au target nuclei appears due to a significant background

suppression, when using the particle gate.

So far, in the course of the RISING fast beam campaign, mainly Coulomb
excitation experiments were performed. They concerned the shell structure
of neutron rich Cr isotopes [19] and Sn isotopes near the doubly magic
100Sn nucleus [20]. An attempt at exciting the GDR resonance in the 68Ni
projectiles at 400AMeV kinetic energy initiated the study of decays from
highly-excited collective states in nuclei with large neutron excess [21]. Fur-
thermore, a two-step fragmentation reaction of 58Ni was used to investigate
high-spin states in the Tz = ±3/2 mirror pair 53Mn and 53Ni [22].

5. Further development of the setup

In the future RISING experiments, the efficiency of the γ-detection sys-
tem will be significantly increased by the inclusion of eight MINIBALL seg-
mented germanium cluster detectors [23]. The high position sensitivity of
the MINIBALL detectors allows for placing them relatively close to the sec-
ondary target at large angles, while at the same time a very good energy
resolution of 0.3% can be maintained. The expected overall EUROBALL
and MINIBALL efficiency at the 1.3MeV energy for a γ-ray emitted in flight
will be between 4 and 10 per cent, depending on the adjustable detector dis-
tance to the target.
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6. Conclusion

RISING made use of unique radioactive beams at relativistic velocities
available at the SIS/FRS facilities at GSI. The setup demonstrated the fea-
sibility of high resolution γ-ray spectroscopy studies of nuclei excited either
by Coulomb scattering or by fragmentation of relativistic radioactive beams.
The first physics results concerning exotic atomic nuclei were obtained.

This work was partially supported by the Polish State Committee for Sci-
entific Research (KBN) Grants No. 2 P03B 118 22 and 620/E-77/SPB/GSI/
P-03/DWM105/2004–2007.
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A new ∆E–E CAlorimeter TElescope, CATE, has been developed to
identify the reaction products from secondary fragmentation reactions or
Coulomb excitation. Radioactive relativistic beams with energies between
90 and 400 MeV/u and instantaneous rates of up to 5 × 104 particles/s
bombarded the detector system. CATE distinguishes the reaction channels
in terms of charge (Z) and mass (A) and gives position information about
the impinging ions, used for impact parameter determination.

PACS numbers: 07.20.Fw, 95.55.–n, 25.75.–q, 29.40.Mc

1. Introduction and motivation

During the recent RISING [1] campaign at GSI, stable and radioactive
heavy-ion beams separated by the FRS [2] at relativistic energies between
90 and 410 MeV/u have been used to perform fragmentation reactions and
Coulomb excitation on secondary targets. To identify the outgoing reaction

∗ Presented at the XXXIX Zakopane School of Physics — International Symposium
“Atomic Nuclei at Extreme Values of Temperature, Spin and Isospin”, Zakopane,
Poland, August 31–September 5, 2004.
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products and to get an information about their scattering angle, a new
∆E–E CAlorimeter TElescope (CATE [3]) has been designed. The CATE
detector was so far employed for the detection of heavy ions from 55Ni up to
132Xe. The performance for 58Ni primary beam particles and 55Ni secondary
fragments is described.

2. The CATE detectors

The CATE array consists of nine Si-CsI(Tl) ∆E–E telescopes. Down-
stream from the secondary target position, the array covers an opening angle
from 0 to 3 degrees in θ. The size of each Si detector is (50 × 50) mm2, the
active thickness is 300 µm and the resistive sheet amounts to 2 kΩ/cm2. The
energy resolution of such a detector is typically 80 keV for 5.5 MeV 241Am
α particles. The intrinsic position resolution, measured with the same α-
source (∆x,∆y), is better than 3 mm in x and y. Each CsI(Tl) scintillator
has a size of (54 × 54) mm2 and a nominal thickness of 10 mm. It is read
out by a photodiode with a size of (18× 18) mm2, attached to an integrated
low gain preamplifier [4]. The nine telescopes are arranged in three by three
configuration. Because of the dead layer of 4mm between each two tele-
scopes the geometrical efficiency of the total array is 92 % with respect to
the incoming particles.

3. The position measurement

When a reaction product impinges on the Si resistive sheet it creates
charge carriers. They migrate to the four corners, where the contacts for
the outgoing signals are located. By a relative comparison of the produced
pulses the position of that particle can be obtained following a simple ge-
ometrical algorithm. As the detector response is not everywhere linear,
several linearization procedures have to be performed in order to obtain the
square geometrical shape from the detector response [3].

4. The energy measurement

The energy ∆E, deposited in the Si detector, is measured at the back
contact. Therefore the atomic number Z of the impinging particle can be
deduced. The CsI(Tl) measures the particle’s residual energy, Eres, which
together with ∆E is proportional to its mass, A, under the assumption that
all particles with the same mass have the same velocity. Several effects in-
fluence the energy measurement, i.e. position, velocity distribution, beam
intensity, and the reaction mechanism. The position dependence of the im-
pinging particle is an effect connected to the nature of the detectors, while
the velocity spread and the ion intensity are beam related effects. With
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58Ni primary beam, the measured mean energy resolution values of CATE
of 2.0 % (FWHM) for the Si and 0.8% (FWHM) for the CsI(Tl) detectors
were determined using only position corrections. In order to obtain a precise
energy determination with a 55Ni fragment beam and hence unambiguous
identification, the effect of the velocity spread also needs to be corrected for.
After applying an absolute energy calibration, the experimental data were
compared with a simulation. Such ∆E–E spectra are shown in figure 1. A
simulation (using the code LISE++[5]), corresponding to the experimental
conditions, is plotted on the left and the experimental spectrum is plotted
on the right. A unique Z identification can be expected from the simulation

Fig. 1. Comparison of a simulation (left) and the experimental data (right) for the

reaction 9Be(55Ni,xn, yp).

and is observed in the experimental data. For the 55Ni beam the nuclear
charge is determined with an accuracy ∆Z/Z = 0.7 (FWHM). From the
simulation no separation of two neighboring masses (∆A/A ≤ 1) for this
(A ≈ 55) region can be expected, what is confirmed by the experimental
spectrum. The reason is the reaction mechanism, an effect that in case of
fragmentation reactions turns to be severe. When the 55Ni fragment particle
interacts with a target nucleus (in this case 9Be) its momentum distribution
is broadened. By removing nucleons the broadening of the energy distribu-
tion can reach up to several percent. This effect was described in the past
by Goldhaber [6] and later parametrized to match experimental data by
Tarasov [5,7]. Furthermore, the measured energy distribution of relativistic
heavy ions according to the Universal parametrisation of Tarasov [7], does
not follow a Gaussian shape, but is slightly asymmetric. For a single Z, i.e.

Z = 25, the all produced isotopes are overlapping and creating one common
∆E–E distribution according to the simulation. When a separate calcula-
tion for each single isotope is performed, a clear shift in the centroid of the
total (∆E + Eres) energy distribution is observed. To compare the expected
energy distributions with the experimental data, a linearization procedure
is applied as described in reference [3]. Simulated total energy distributions
for each Mn isotope are shown on the left of figure 2. The total mass dis-
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Fig. 2. A simulated single mass distribution spectrum (left), for the Mn isotopes,

produced in the reaction 9Be(55Ni,xn, yp), is compared with the experimental single

mass distribution spectrum (right). The total mass distribution for all 47−54Mn in

both cases are plotted as top curves.

tribution for Z = 25 is plotted as an envelope curve. The corresponding
experimental data are shown on the right. The total experimental mass dis-
tribution can be decomposed to single mass distributions by comparison of
the peak positions and widths with the simulation. The different masses of
Mn isotopes are indicated by the arrows. Obviously the measured resolution
is significantly better compared to the theoretical model. The parametriza-
tion used in the model had been optimized for lower particle energies. Our
new data allow now to improve the model parametrization.

5. Summary

The newly developed ∆E–E calorimeter telescope identifies relativistic
heavy ions at energies around 100 MeV/u. It has a good position resolu-
tion of 3 mm for scattering angle reconstruction, an unique nuclear charge
resolution ∆Z/Z of 0.7 (FWHM) and a mass resolution for fragmentation
reactions of 2–3 % (FWHM).
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The first excited 2
+ states in 54,56,58Cr have been populated by relativistic

Coulomb excitation using the FRS-RISING setup at GSI. The Cr ions were pro-
duced by fragmentation of a 86Kr beam on a primary Be target and separated by
the FRS. The ion beams impinged on a thick secondary Au target at an energy
of around 135A MeV. Gamma-rays were observed by the Ge cluster detectors of
the RISING setup and stored in coincidence with particle and position signals
from a set of tracking detectors. The steps of the analysis and spectra showing
the 2

+
→ 0

+ transitions are presented.
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1. Introduction

Very neutron rich nuclei may exhibit new shell structures due to the
monopole part of the effective nuclear interaction and an apparent modi-
fication of the spin-orbit interaction. For nuclei in the Z = 20–28 region,
theoretical and experimental results suggest a possible subshell closure at
N = 32 or 34 [1–3]. Figure 1 shows an overview of calculated and known
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Fig. 1. Calculated and experimental values for E(2+) and B(E2;2+
→ 0+) for Cr

isotopes. The calculated values are from Honma et al. (open circles) [4] and Caurier

et al. (filled circles) [5]. The open squares show experimental values from previous

work [6].

experimental values in the Cr isotopes. Above the well-known shell closure
at N = 28 the energies of the first excited 2+ states show a maximum at
N = 32. However, B(E2) values which are a more crucial test of the nuclear
wave function, are not known above 54Cr30. In the present work, a report is
given on a measurement of the B(E2) values of the first 2+ states in 56,58Cr
by relativistic Coulomb excitation.

2. Experiment

The experiment was performed using the RISING detector setup at
GSI [7]. For the production of 54Cr, 56Cr and 58Cr, ions of 86Kr were ac-
celerated to around 480AMeV and fragmented on a 9Be target of 2.5 g/cm2

thickness. The fragment separator FRS was used to select and identify the
ions of interest out of the secondary beam before it hit the secondary target.
Behind that target, the ions were stopped in the CATE detector array [8].
Tracking before the target was done with two multiwire detectors. They
were placed before and after the MUSIC ionisation chamber [7] which is
used to identify the charges of the incoming ions. The masses before the
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target were determined using the time of flight between two scintillators.
The secondary target was a 7 × 7 cm2 foil of 197Au with 1 g/cm2 thickness.
Both, particle identification and tracking after the secondary target, were
done with the calorimeter telescope CATE. The settings for the three runs
for 54Cr, 56Cr and 58Cr were chosen so that the beam energy after the sec-
ondary target was 100AMeV. The γ rays were detected using the Ge cluster
detectors of RISING [7].

In the beam time of 22 h for 54Cr an average intensity of 4 × 104 beam
particles per spill was obtained. Around 45% of the beam particles were
identified as 54Cr before the target. The two other main beam components
were 55Mn and 53V.

For 56Cr in a beam time of 20 h the secondary beam intensity was around
2 × 104 particles per spill due to the lower production rate of this isotope.
The main beam components were 56Cr (35%), 57Mn and 55V.

In the case of 58Cr the production rate was still lower so that only
2–4 × 103 particles per spill hit the secondary target during 55 h of beam
time. The beam contained mainly the three nuclides 58Cr (25%), 59Mn and
57V.

3. Analysis and results

In the analysis the incoming particles were identified using the detectors
mentioned above. Particles with impact parameters above ≈ 50 fm (atomic
background) or below ≈ 10 fm (nuclear reactions) were excluded by a scat-
tering angle selection. It was required that in the Ge detector array exactly
one γ ray with an energy above 500 keV was registered within a narrow time
window.

The Doppler-shift correction of the γ-ray energies takes into account
the angle between the outgoing particle and the Ge detector as determined
from tracking, and the velocity calculated from the measured time of flight.
Simulation results from the MOCADI software [9] were used to obtain the
relation between time of flight and velocity after the target. The resulting
γ-ray spectra are shown in Fig. 2.

The B(E2) values for 56Cr and 58Cr can be determined in two alternative
ways. Absolute values may be derived from the number of incoming and
outgoing Cr ions on the Au target and from the intensities of the γ-ray lines
in the spectra. Alternatively, the B(E2) values for 56Cr and 58Cr may be
determined relative to the known value for 54Cr, B(E2) = 14.6(6)W.u. [6],
since the Coulomb excitation of the three isotopes was performed under
comparable conditions. The analysis is in progress.
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Fig. 2. Doppler-corrected spectra showing the 2+
→ 0+ transitions in 54,56,58Cr

with 4 keV per bin. The other peaks in the spectra are assumed to originate

from neighbouring nuclei which cannot currently be separated due to up to now

insufficient mass resolution after the target.

4. Summary

To measure B(E2, 2+
→ 0+) values for 56,58Cr and to obtain information

on a possible subshell closure at N = 32, the first 2+ states of 54,56,58Cr
were populated by relativistic Coulomb excitation in a 197Au target using
the FRS-RISING setup at GSI. In a preliminary analysis γ-ray spectra were
produced that clearly show the 2+

→ 0+ transitions in the three Cr isotopes
under investigation.
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Two two-step fragmentation reactions were performed using RISING to
populate excited states in A ≈ 50 mirror nuclei near to the proton-drip line,
in order to test isospin symmetry. The experiments were designed to ob-
serve gamma decays of excited states in the mirror nuclei 53

28Ni25/
53
25Mn28,

which have a large value of total isospin (T = 3/2). In the continuing
off-line analysis, gamma transitions have been observed in 54Ni indicat-
ing that two-step fragmentation is a successful technique for spectroscopic
investigations of proton-rich nuclear systems in this mass region.
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1. Introduction

Investigating fundamental symmetries is a principal aim of nuclear struc-
ture physics. Isospin is one of the most basic symmetries, occurring between
protons and neutrons in the nucleus due to the charge independent nuclear
force. In a pair of mirror nuclei, one can observe the difference in energy be-
tween isobaric analogue states, so-called Coulomb energy differences (CED),
which are typically of the order of tens of keV. Two-body Coulomb ma-
trix elements (CME) can be added to shell model calculations in order to
reproduce the experimentally observed CED.

CME can also be extracted from experimental data. This was done by
Williams et al. who studied the T = 1/2 mirror nuclei 53

27Co26/
53
26Fe27 [1].

Upon exciting a nucleus, pairs of like particles begin to align. The alignment
of a pair of protons (proton holes in the case of 53Fe) reduces the Coulomb
self-energy of the proton (hole) pair. This, in turn, affects the CED, as the
corresponding alignment in 53Co is due to neutrons. Fig. 1 shows the CME
extracted from the experimental CED, as a function of spin for a proton
pair. One expects to see a decrease in the CME with increasing particle
alignment. However, as is evident from Fig. 1, the CME increase at J = 2.
This anomaly has been observed elsewhere in the f 7

2
shell but not explained.

Due to the current high level of experimental and theoretical interest in
studies of isobaric analogue states, it is essential to push such investigations
towards the largest accessible values of isospin. To do this, two two-step frag-
mentation reactions were performed as a part of the RISING (Rare Isotope
Spectroscopic INvestigation at GSI) campaign [2].
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Fig. 1. CME versus particle alignment for the T = 1/2, A = 53 mirror nuclei
53Co/53Fe [1]. There is clearly an anomaly at J = 2.
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2. Experimental details

A stable beam of 58Ni was incident upon a 4.0 g/cm2 9Be target at
the entrance to the GSI FRS (FRagment Separator) [3], with an energy
of 600AMeV. This primary fragmentation reaction produced a wide range
of fully-stripped nuclei, from which one of two radioactive fragments were
selected by the FRS: either 55

28Ni27, for producing proton-rich mirror pair
members, or its mirror, 55

27Co28, for producing the corresponding neutron-
rich members. The radioactive intermediate beams were only a few nucleons
away from the nuclei of interest, since previous fragmentation studies have
shown that this provides the highest yield [4, 5].

The time-of-flight through the second stage of the FRS was measured,
using two plastic scintillator detectors as start and stop signals. This al-
lowed for the determination of the velocity of the intermediate beam. An
ionisation chamber, MUSIC, was used to determine the Z of the intermedi-
ate beam particles. The A/Q of the intermediate beam was calculated and
a combination of A/Q and Z allowed for perfect beam identification.

The nuclei of interest were produced at a second, 700mg/cm2 9Be frag-
mentation target, located at the focal plane of the FRS. The emerging recoils
had a v/c of approximately 0.45. Fifteen RISING cluster detectors were sit-
uated at forward angles to the secondary target, each detector comprising
seven independent Ge crystals. The cluster detectors were arranged in two
rings at approximately 16◦ and 34◦. The positioning of the detectors pro-
vided maximum efficiency for the detection of gamma rays subject to the
Lorentz boost, incurred by the high-recoil velocity. Additionally, the HEC-
TOR (High Energy γ deteCTOR) array [6], consisting of eight large volume
BaF2 crystals, was arranged at backward angles to the secondary target.

Situated downstream of the secondary target was CATE (the CAlorimter
TElescope) [7,8], consisting of nine individual elements arranged in a square,
each of which comprised a thin silicon wafer for measuring recoil position and
energy loss (∆E) and a thick CsI wafer for measuring total recoil energy (E).
The values of ∆E and E provided information about the Z and A of each
recoil, respectively [7, 8].

The condition of beam tracking, provided by two multi-wire proportional
chambers along with the position sensitivity of CATE allows for a full track-
ing Doppler shift correction to be applied.

3. Results

Although the analysis is still at a preliminary stage, some interesting
results have already been gleaned from the data. The CATE detector cur-
rently gives clear ∆E(Z) separation for the recoils but so far only limited
E (A) separation. Work done to resolve this issue is being carried out by
Lozeva et al. (see Refs. [7, 8]).
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By gating on Z and projecting out the coincident gamma rays, isotopic
spectra for all produced masses are obtainable. The observed transitions are
from the nuclei with the highest fragmentation cross-section, σfrag. Fig. 2
shows two such spectra: part (a) was made by gating on nickel and is domi-
nated by 54Ni (σfrag ≈ 5mb); part (b) is dominated by 54Fe (σfrag ≈ 77mb),
the mirror nucleus of 54Ni and was made by gating on all iron isotopes.
Cross-sections quoted are predicted by the EPAX parameterization [9,10].
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Fig. 2. (a) Nickel gated γ ray spectrum, showing the 1227 keV 4+
→ 2+ and 1392

keV 2+
→ 0+ transitions in 54Ni [13, 14]. (b) Iron gated γ ray spectrum, showing

the 1131 keV 4+
→ 2+ and 1408 keV 2+

→ 0+ transitions in 54Fe, the mirror

nucleus of 54Ni [11]. Energies are taken from Gadea et al. [13, 14].

The spectra shown in Fig. 2 only have a basic Doppler shift correction
algorithm applied; a full event-by-event tracked Doppler shift correction
will be implemented to reduce the widths of the peaks. The value of v/c
used in the Doppler shift correction was calculated in a simulation using
LISE++ [12].

Even at this preliminary stage of the analysis, the 4+
→ 2+ and 2+

→ 0+

transitions in 54Ni, which have only recently been identified by Gadea et al.

[13, 14] using a heavy-ion fusion-evaporation reaction, are clearly visible in
Fig. 2 (a). It can be clearly seen from these spectra that the energy shift of
the 4+ state is in the opposite direction to the 2+ state, providing further
evidence of the presence of the “J = 2 anomaly”.

4. Conclusions

The observation of the mirrored 4+
→ 2+ and 2+

→ 0+ transitions in
the A = 54 mirror nuclei shows that two-step fragmentation can be used
successfully for populating excited states in proton-rich nuclear systems in
the A ≈ 50 mass region. Furthermore, the anomalous behavior of the CME
at J = 2 has now been observed across the entire f 7

2
shell, with the same
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effect being seen in the mirror pairs for A = 42, 47, 49, 53 (see, for ex-
ample, Refs. [1, 15, 16]) and A = 54 (Refs. [13, 14] and this work). This
would seem to indicate that the origin of the anomaly is not based around
interactions with the 40Ca core, but originates from elsewhere. Whether or
not the anomaly is nuclear or electromagnetic in origin remains to be seen.
Observing the anomaly at higher values of isospin will provide more insight
into its origin.

The application of a fully tracked Doppler shift correction along with
improved A resolution in the CATE spectrometer will allow for improved
spectra to be created, in turn allowing for a more accurate determination
of γ ray energies and separation of masses to allow discrimination between
different isotopes. Judging from the analysis to date, it seems likely that
spectroscopy at the level of 1mb or less is feasible within the data. This will
allow spectroscopic investigations of unknown proton-rich systems, such as
52
27Co25 (N = Z − 2) and, hopefully, 53Ni.

This work was partially supported by the Polish State Committee for Sci-
entific Research (KBN) Grants Nos. 2 P03B 118 22 and 620/E-77/SPB/GSI/
P-03/DWM105/2004-2007).
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The proposed experiments for the first RISING (Rare ISotope INves-
tigations at GSI) campaign will exploit secondary unstable beams at rel-
ativistic energies in the range from 100 MeV/u to 400 MeV/u. The RIS-
ING spectrometer will be employed for relativistic Coulomb excitation and
for high-resolution γ-spectroscopy experiments after secondary nucleon re-
moval reactions and secondary fragmentation. New experimental methods
for spectroscopy at relativistic energies will be investigated in order to
measure nuclear structure observables beside the directly accessible level
energies and quadrupole deformations. The future experiments will focus
on: Shell structure of unstable doubly magic nuclei and their vicinity, sym-
metries along the N = Z line and mixed symmetry states, shapes and
shape coexistence, collective modes and E1 strength distribution.
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1. Introduction

The SIS/FRS facility provides secondary beams of unstable rare iso-
topes after fragmentation reactions or secondary fission of relativistic heavy
ions with sufficient intensity for in-beam γ-spectroscopy measurements. The
proposed experiments for the first RISING (Rare ISotope INvestigations at
GSI) campaign exploit these unique beams at relativistic energies in the
range from 100MeV/u to 400MeV/u. Comparing with other fragmentation
facilities the majority of the experiments depend on fragmentation prod-
ucts from heavy primary beams or the high secondary beam energy and are
predestined for GSI. The RISING spectrometer is employed not only for
relativistic Coulomb excitation but also for high-resolution γ-spectroscopy
experiments after secondary nucleon removal reactions and secondary frag-
mentation. The latter may lead to rather high angular momentum states.
Several experiments will focus on new methods and techniques in order to
obtain important nuclear structure observables beside the level energies and
quadrupole deformations. As special application they may allow g-factor
measurements for short lived states, systematic studies of the spin align-
ment/polarisation and to determine life times of short lived states and spec-
troscopic factors.

The proposed γ-ray spectroscopy of nuclei from exotic beams will be
performed after in-flight isotope separation. The exotic beams will be pro-
duced by fragmentation of a heavy stable primary beam or fission of a 238U
beam on a 9Be or 208Pb target in front of the fragment separator FRS.
A maximal beam intensity from the SIS synchrotron of 1010/s for medium
heavy beams and 109/s for 238U is expected. The secondary beam intensities
take advantage of the primary target thickness of ≈ 1–4 g/cm2 and the high
cross section, for fragmentation reactions and fission given e.g. by the EPAX
parameterisation [1] and measured data for the fission processes [2]. Exper-
imental details related to the RISING spectrometer and its ancillary detec-
tors [3] are presented by the contributions of Bednarczyk [4] and Lozeva [5]
to this conference.

2. RISING physics program

The motivations to explore nuclear structure of exotic nuclei focus on
the following subjects:

(i) shell structure of unstable doubly magic nuclei and their vicinity;

(ii) symmetries along the N = Z line and mixed symmetry states;

(iii) shapes and shape coexistence;

(iv) collective modes and E1 strength distribution.
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Fig. 1. Schematic layout of the RISING set-up at the FRS. The beam diagnostic

and tracking elements consist of two multiwire detectors MW41, MW42, an ion-

isation chamber MUSIC and two scintillation detectors SC21, SC41. The γ-rays

are measured with BaF2-HECTOR and Ge-Cluster detectors. The ions emerging

from the reaction target are identified with the CATE array.

2.1. Shell structure

Spectroscopic data on the single particle structure of unstable doubly
magic nuclei and their nearest neighbours are pivotal for theoretical de-
scription of the effective interactions in large-scale shell-model calculations.
The proposed studies along the N = Z line, passing doubly magic nuclei
56Ni and 100Sn, provide an excellent probe for single-particle shell struc-
ture, proton–neutron interaction and the role of correlations, normally not
treated in mean field approaches. For example, the B(E2,2+

1
→ 0+) val-

ues in semi-magic Sn nuclei provide a sensitive test for changing (sub)shell
structure, the E2 polarisability and the shape response of the magic core.
For several reasons conventional techniques, employing (HI,xn) reactions,
are very difficult or even impossible and Coulomb excitation measurements
with unstable beams are the most promising way to obtain the interesting
B(E2,2+

1
→ 0+) values.

The development of new shell structure at N ≫ Z as studied in light and
medium-heavy neutron-rich nuclei around N = 8, 20, 28 [6–8] is generally
ascribed to the weakening of the surface slope of the neutron potential due to
the large neutron excess. As a consequence the familiar Woods–Saxon shape
of the potential for nuclei close to stability is expected to change towards
a harmonic oscillator type. This goes along with a reduction of the spin–orbit
splitting, which is proportional to the potential slope, for orbitals probing
in their radial extension the surface region and thus harmonic oscillator
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magic numbers are expected to be reinforced [9]. Moreover, 78Ni and 132Sn
are located close to the astrophysical rapid neutron capture process path
and indirect evidence for an altered shell structure and shell quenching of
magic gaps at N = 82 and N = 126 is derived from r-process network
calculations [10].

Alternatively, the existing experimental evidence of changing shell struc-
ture along the N = 8, 20 and 28 isotonic sequences can be explained in terms
of the monopole part of the nucleon–nucleon residual interaction. Schemati-
cally this is due to the (σσ)(ττ) part of the interaction, which is binding and
strongest in the S = 0 (spin-flip) and T = 0 (proton–neutron) channel of the
two-body interaction. This causes large monopole shifts of neutron single-
particle orbits due to their missing S = 0 proton partners at large neutron
excess, and thus generates new shell gaps. The effect was first discussed for
the sd shell [11, 12] and for the pf shell [12, 14]; see also contribution by
Otsuka [13] to this conference.

To date the investigations concentrate on the region of neutron-rich Ca,
Ni and Sn isotopes about the most significant matrix elements, the spec-
troscopic factors and the magnetic moments, which are sensitive indicators
of their structure. It is known experimentally that the neutron νf5/2 orbit

from 57Ni towards 49Ca undergoes a large monopole shift due to the reduced
binding with increasing removal of the proton πf7/2 S = 0 spin–orbit part-
ners [14]. Beyond N = 28 this opens a gap between the νp3/2, p1/2 and νf5/2

orbits, which might be subject to change depending on the 2p1/2 position,
as this also forms a S = 0 pair with π1f7/2 but with less radial overlap. In
the Ca isotopes beyond N = 28 a possible (sub)shell closure at N = 32, 34
seems to develop in E(2+

1
). It has been pointed out recently that the Cr

isotopes show a maximum in E(2+
1

) at N = 32. On the other hand within
the N = 34 isotones E(2+

1
) is increasing from Fe to Cr in contrast to the

expected trend towards midshell, which supports a N = 34 closure [15].
Besides masses, which due to short half lives are difficult to measure, ob-
viously B(E2) values are missing for a proof of the concept. A study of
the N = 30–34 isotones of Cr would reveal such a change in shell structure
and was started in one of the first RISING experiments; see contribution of
Bürger to this conference [16].

2.2. Spectroscopic factors in
132

Sn

The spin–orbit splitting plays the crucial role in determining the binding
and structure of nuclei. Depending on the relative orientation of the spin
and the orbital angular momentum, the energy of the associated nuclear
state is shifted up or down. According to certain model predictions [9], the
energy splitting of the spin–orbit partners should decrease or even vanish
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far from stability for very neutron-rich isotopes. Recently energy differences
between pairs of high-j proton single-particle states and the spectroscopic
factors of these states were measured following Sn(α, t) reactions for all
seven stable even Sn isotopes [17]. A possible explanation of the changing
energy separation is a decreasing overall spin–orbit splitting, proposed by [9].
Experiments with radioactive ion beams measuring spectroscopic factors in
the vicinity of 132Sn are, therefore, especially intriguing.

The determination of the spectroscopic factors in A − 1 nucleus at the
N = 82 shell closure will provide detailed information on the mixing of
single particle states with more complicated configurations. The mixing is
expected to occur mainly with configurations containing a low-lying sur-
face vibrational mode [18]. Estimates of absolute one-particle removal cross
sections for knock-out reactions indicate considerable cross sections of the
order of a few mb/sr. The evolution of the single-particle levels, of which
only a few are known, could be studied with knock out reactions by detecting
the gamma rays deexciting the states in nuclei around the Z = 50 proton
closed shell and the N = 82 neutron shell. The spectroscopic factors for
132Sn obtained through Hartree–Fock calculations with SGII effective inter-
action, including the coupling to collective phonons, underline the doubly
magic character of the 132Sn.

A direct way to measure the ground state structure of 132Sn, employing
the RISING setup, is to determine the spectroscopic factors for the removal
of a neutron. The observation of the decay of the 7/2− level in the gamma
spectrum of 131Sn should directly probe the occupancy of the 2f7/2 orbit.

The neutron closed shell configuration (h11/2)
12 would give spectroscopic

factors of 12/(2j + 1) for the 11/2− and 0 for the 7/2− states. The experi-
mental determination of the single particle character of the 5/2+ state above
the νd3/2 ground state, should shed some light on the relatively low value
of the νd5/2 − νd3/2 spin orbit splitting.

2.3. Magnetic moments

Nuclei near closed shells are characterised by specific single particle com-
ponents in the wave functions, which changes into collective structures when
departing from shell closures. In comparison to the stable even-A Te iso-
topes 120−130Te, which are collective of vibrational nature, the structure of
the unstable neutron-rich isotopes 132−136Te is strongly influenced by the
N = 82 shell closure and the two protons outside the magic Z = 50 shell.
This feature becomes evident already from their 2+

1
excitation energies. For

the stable 134,136Xe nuclei g-factors were recently determined for the 2+

1
and

4+
1

states clearly exhibiting single proton excitations with dominant π1g7/2
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configuration [19]. Large and positive g-factors of both states in 136Xe and
of the 4+

1
state in 134Xe unambiguously shows the dominant proton nature

whereas the smaller g(2+
1
) value in 132Xe implies additional neutron hole

configurations.
At present, for ps lifetimes of nuclear states only the technique of tran-

sient magnetic fields (TF) provides the necessary field strengths of several
kTesla, to observe spin precessions with the method of perturbed γ-angular
correlations (PAC). The TF are hyperfine fields, which are experienced in
fast moving ions during their passage through ferromagnetic materials [20].
TF are described by empirical parameterisations [20] at intermediate ion
velocities, v ≪ Zv0 (in units of the Bohr velocity v0), whereby the field
strength generally increases with velocity reaching a maximum at v = Zv0

for single-electron ions with its maximum fraction at the 1s electron Bohr ve-
locity. Hence, the largest TF are expected for H-like ions implying velocities
of relativistic heavy ions available at GSI.

The technique proposed for future RISING g-factor measurements is
projectile Coulomb excitation in combination with TF in ferromagnetic
Gadolinium. The target, consisting of approximately 50mg/cm2 of 208Pb
and 50mg/cm2 of Gd, serves for excitation in Pb and Gd and spin precession
in the Gd layer. After fragmentation reactions of stable 136Xe and 164Dy
beams, the secondary 132,134,136Te and 138Xe ions will be focused onto the
double-layered target polarised by an external field of 0.08 Tesla. The mean
energy of the excited ions in Gd corresponds to a velocity of vion ≃ 60v0,
implying a H-like ion fraction of q1s ≃ 0.5. For the TF strength in these
conditions one calculates a very high field strength of BTF ≃ 23 kTesla and
effective interaction times of teff ≈ 0.3ps and 0.2 ps for excitation in Pb or
Gd, respectively. Main advantage of the relativistic energy will be a huge
precession angle of e.g. θexp(2+) ≈ 240 mrad assuming a positive g-factor in
134Te of g(2+) = +0.8. Its observation is based on a pronounced anisotropy
of the angular correlation of the (2+

→ 0+) γ-rays of 134Te in the rest frame
of the emitting nuclei. As the Te ions recoil out into vacuum, the anisotropy
of the correlation will be attenuated by the strong hyperfine fields of 1s
electrons in the dominant H-like ions, expressed by attenuation coefficients.
The spin precession is observed via the rotation of the anisotropic angu-
lar correlation of γ-rays emitted from the excited states. The deexcitation
γ-rays are measured with the RISING Ge-detectors — at fixed polar angles
θγ , in and close to the reaction plane — in coincidence with the scattered
ions, registered in the position sensitive Si detector array CATE [5]. In
such a geometry previous TF measurements were successfully carried out at
lower beam energies of 15MeV/u [21] which will be extended now to higher
energies.
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2.4. Symmetries

Recently spectroscopy at high spin of even–even T = 1(Tz = ±1) mirror
nuclei with A = 50 [22] and A = 46 [23] has been achieved, by identifying
gamma decays in the most proton-rich (N = Z − 2) isobars. The Coulomb
Energy Differences CED between these T = 1 mirror states showed that
a very detailed understanding of the spatial correlations of pairs of particles
can be gained. In these cases, it was also found necessary to include “one-
body” effects in order to understand the CED. One such effect [22] is the
Coulomb energy associated with nucleon orbitals of different radii, the occu-
pation of which evolve as a function of spin, resulting in a contribution to the
CED. These A = 46 and A = 50 even–even mirror nuclei described above
represent the largest value of total isospin T , for which isobaric analogue
states have been studied at high spin.

For mirror nuclei with larger values of isospin (T ≤ 3/2) no detailed
spectroscopic studies in medium-mass nuclei have been undertaken. The
large proton excess for the proton-rich members of these isobaric multiplets
may be expected to have an increasingly significant effect on the one-body
part of the measured Coulomb energy. This includes the bulk Coulomb
effect associated with the differences in radii of specific orbitals as well as
the more subtle effect of the Coulomb distortion of the specific nucleon wave
functions (the Thomas–Ehrman shift). The mirror pair 53Ni/53Mn is of
particular interest, as these nuclei have a very simple (f7/2)

−3 structure —

neutron holes in 53Ni and proton holes in 53Mn. This allows for a comparison
of the (f7/2)

−3 proton and neutron multiplets, and the CED between these
will give new information on the Coulomb two-body matrix elements in the
upper f7/2 shell — a vital ingredient for the shell model calculations that
can only be derived from experimental data.

Therefore, in one of the first RISING experiments even Z, Tz = −3/2
nuclei in the f7/2-shell were produced after secondary fragmentation reac-
tions and a spectroscopic study of the energy levels up to 3–4 MeV excitation
energy was started. The fragmentation reaction may populate low-spin non-
yrast structures that are only weakly populated in the fusion–evaporation
technique, allowing a more complete study of the Coulomb effects. For de-
tails of the status of the analysis of this experiment see contribution by
Hammond [25] to this conference.

Spectacular shape effects are observed in the A = 70–80 mass region with
extremely large oblate deformation for N = Z = 36 changing to a large
prolate deformation for N = Z = 38, 42. Therefore, the light Se- to Zr-
isotopes are amongst the best candidates for investigations of the origin
and development of nuclear shapes and shape coexistence. Moreover, in
the N = Z odd–odd nucleus 70Br [24] indication exist that the Coulomb
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distortion of the nucleon wave functions may be important as the drip-
line is approached. The CED between the T = 1 states and those in the
neighbouring analogue nucleus 70Se shows anomalous behaviour which has
been interpreted in terms of the Thomas–Ehrman shift.

A proposed spectroscopic RISING investigation of excited states in the
Tz = −1/2 nucleus 69Br should reveal information on one of the accessi-
ble, heaviest mirror nucleus. Due to the location at the proton drip line
or even beyond, extended proton distributions may become apparent from
the break down of the mirror symmetry. The differences in proton radii
should manifest themselves through differences in the behaviour of CEDs.
A recent investigation of the Coulomb energy differences in 70Br,70Se has
shown a similar effect possibly attributed to a decrease of the nuclear two-
body residual interaction due to the different radial distributions of the wave
functions for neutrons and loosely bound protons [24]. In case of 69Br due
to the very low binding energy major differences are expected with respect
to the strongly bound 69Se in the excitation energy of the low lying states.

The rapid-proton capture process (rp process), first proposed by Wallace
and Woosley [26], proceeds via a sequence of proton capture and beta decays
near and along the proton drip line. The path of the rp process is determined
by the stability of the nuclei involved. Different predictions of the exact po-
sition of the proton drip line are related to possible termination points of
the rp process. The odd-Z isotopes of 65As and 69Br are considered as possi-
ble termination points because the half-lives of their proton capture targets
64Ge and 68Se are supposed to be longer than the time scale of the explosion
that provides the proton flux. With respect to 69Br, a first evidence for the
existence was reported [27]. However, follow-up experiments did not succeed
to observe 69Br. In particular, experiments at GANIL [28] and NSCL [29]
could not attribute an event to 69Br. The latter experiment indicates that
69Br was not stable or had a very short half-life in the range below 24 ns. To
overcome difficulties due to the flight path limit in a fragment separator, the
RISING study of 69Br will investigate the prompt gamma decay produced
in a secondary fragmentation reaction.

2.5. Collective excitations

Collective excitations such as the giant dipole resonance (GDR), built
from superpositions of single-particle excitations are necessarily influenced
by the nuclear shell structure. In exotic nuclei like 68−78Ni the proton–
neutron asymmetry may give rise to differing shell structure. Theoretical
calculations predict a significant change in the GDR strength distribution
as one progresses towards the doubly magic 78Ni [30, 31]. The excitation
function of the isovector GDR mode is expected to fragment substantially,
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favouring a redistribution of the strength towards lower excitation energies
(Pygmy resonance). Measurements of the GDR strength function provide
access to the isospin dependent part of the in-medium nucleon–nucleon inter-
action and on dipole type vibrations of the excess neutrons. The predicted
low-energy shift of the GDR strength was confirmed in neutron-rich oxygen
isotopes by the LAND group at GSI by means of virtual photon absorption
measurements [32]. A RISING GDR experiment in 68Ni will apply a com-
plementary method, virtual photon scattering, which relies on real projectile
γ-ray emission following the virtual excitation. In order to observe discrete
γ-transitions with high resolution and γ-decay from the GDR, the RISING
array will be augmented the HECTOR array [33], 8 large volume BaF2 scin-
tillator detectors positioned at very backward angles. With the scintillators
the highest energy transitions up to ≈ 30MeV can be measured efficiently.

3. Summary

As part of an extended physics program the first Coulomb excitation and
secondary fragmentation experiments [16, 25] were successfully performed
with the RISING spectrometer, a new instrument for high-resolution
γ-ray spectroscopy experiments employing beams of short-lived isotopes at
100–400MeV/u energy from the SIS/FRS facility at GSI. The experimen-
tal set-up comprises heavy-ion tracking detectors for incoming beam nuclei
impinging on a secondary target, the CATE detector for outgoing heavy
ions, the EUROBALL Ge-Cluster detector and the BaF2-HECTOR detec-
tor arrays for γ-ray detection. In the near future the remaining part of the
relativistic RISING experiments will be performed hopefully contributing to
a better understanding of several open nuclear structure problems.

RISING is supported by the German BMBF under grant 06OK-167,
06BN-109, 06BN-911; the Swedish Research Council; the Polish State Com-
mittee for Scientific Research (KBN)Grants No. 2P03B118 22 and 620/E-77
/SPB/GSI/P-03/DWM105/2004-2007).
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Abstract

The first excited 2+ states in54,56,58Cr were populated by Coulomb excitation at relativistic energies andγ rays were
measured using the RISING setup at GSI. For56Cr and58Cr theB(E2,2+

1 → 0+) values relative to the previously know
B(E2) value for54Cr are determined as 8.7(3.0) and 14.8(4.2) W.u., respectively. The results are consistent with a
closure at neutron numberN = 32 which was already indicated by the higher energy of the 2+

1 state in56Cr. Recent large-scal
shell model calculations using effective interactions reproduce the trend in the excitation energies, but fail to accoun
minimum in theB(E2) values atN = 32.
 2005 Elsevier B.V. All rights reserved.

PACS:27.40.+z; 25.70.De; 23.20.Ck; 21.60.Cs
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Nuclei far off the valley of stability have becom
more accessible in recent years through the use o
dioactive ion beams. The investigation of shell str
tures of such nuclei is a key topic of nuclear struct
studies. It has become evident that shell and subs
closures may differ significantly from those of nuc
near stability, in particular for very neutron-rich n
clei [1]. However, experimental data, needed to t
and refine the interactions used in the shell mo
calculations[2–5], are still scarce. Modifications o
the shell structure have far reaching consequence
nuclear properties and also beyond nuclear struc
physics, e.g. for the rapid neutron-capture proces
process) of stellar nucleosynthesis and the resu
isotopic abundances[6].

The experimental evidence of changing shell str
tures for very neutron-rich nuclei along theN = 8,
20 and 28 isotonic sequences can be explaine
terms of the monopole part of the nucleon–nucle
(NN) residual interaction. Schematically this is d
to the(σσ )(ττ ) term in the interaction, whereσ and
τ denote the spin and isospin operators, respectiv
This term is strongly binding in theS = 0 (spin–
flip), �l = 0 (spin–orbit partners) andT = 0 (proton–
neutron) channel of the two-body interaction. It cau
large monopole shifts of neutron single-particle
bitals due to their missingS = 0 proton partners a
large neutron excess and, thus, may generate new
gaps. The effect was first discussed for the (s, d) s
[2,3] and for the (p, f) shell[1,3]. For heavier nu-
clei the tensor part of the NN interaction create
likewise strong monopole interaction betweenS = 0,
�l = 1 andT = 0 orbits of adjacent harmonic osc
lator shells[7,8], which plays a key role in the evo
ll

lution of the spin–orbit splitting. It has recently be
shown, that both terms originate from the tensor fo
which, in a major shell with fixed parity, reduces e
sentially to the(σσ )(ττ ) term [8]. To date the in-
vestigations concentrate, in the region of neutron-
Ca, Ni and Sn isotopes, on the most significant ma
elements, the spectroscopic factors and the mag
moments which are sensitive indicators of their str
ture.

The neutron-rich Cr isotopes are located at a
point on the pathway from theN = 40 subshell closure
via a deformed region to spherical nuclei atN = 28.
Two large-scale shell model calculations have b
performed based on different realistic effective int
actions with empirically tuned monopoles[9,10]. The
results await experimental proof with respect to mo
space and evolution of subshells and deformation.
perimentally, a possible subshell closure atN = 32, 34
seems to develop in the Ca isotopes beyondN = 28
as indicated by a rise in the 2+

1 energies. The C
and Ti isotopes show a maximum of those energ
at N = 32 [4,11–14]. However, the Ni isotopes d
not show such an effect. Within theN = 34 isotones,
E(2+

1 ) is increasing from Fe to Cr in contrast to the e
pected trend towards mid-shell, which may sugges
N = 34 closure[4]. Besides the 2+1 energies, masse
andB(E2) values are an important test of the evo
tion of the subshell structure. A recent determinat
of B(E2,0+ → 2+

1 ) values in52,54,56Ti confirms the
subshell closure atN = 32, but provides no evidenc
for the predictedN = 34 closure[15]. The measure
ment ofB(E2) values for theN = 32 and 34 isotope
of Cr, which is the subject of the present investigati
confirms theN = 32 subshell closure forZ = 24.
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Fig. 1. Schematic illustration of the RISING setup at the fragment separator, FRS, at GSI. The BaF2 scintillation spectrometers of the HECTO
array were used only in the setup phase. An additional degrader, which was placed between the first two dipole magnets, is not show
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Table 1
Summary of beam times, beam intensities and compositions fo
three experiments

Isotope Beam time
[h]

Intensity

[s−1]

ACr component
[%]

Other main comp.

54Cr 22 2000 45 55Mn, 53V
56Cr 20 1400 35 57Mn, 55V
58Cr 55 600 25 59Mn, 57V

Three consecutive experiments were perform
to measure Coulomb excitation of high-energy54Cr,
56Cr and58Cr beams using the FRS-RISING setup
GSI [16]. The setup is shown schematically inFig. 1.
Fully stripped Cr ions were produced by fragme
tation of a 86Kr beam on a9Be production targe
with a thickness of 2.5 g/cm2 placed in front of the
fragment separator FRS. The86Kr beams with ener
gies of around 480A MeV and an intensity of 3 to
10× 108 ions per second were provided by the hea
ion synchrotron SIS. The nuclei of interest were
lected in the FRS by their magnetic rigidity,Bρ, and
their specific energy loss in the degraders,�E. The
various detectors on the way to the reaction target,
Fig. 1, were used to performA andZ identification as
well as position tracking[16]. Table 1summarises the
beam times and the intensities and compositions o
beams obtained in each of the three experiments.

The energies of the Cr beams were adjusted
around 136A MeV before the reaction target, a 7×
7 cm2 Au foil of 1 g/cm2 thickness, in which the
ions were slowed down to 100A MeV in all three ex-
periments. The identification of the nuclei behind t
reaction target inZ andA is performed by the array o
nine Si and CsI(Tl) detectors of the calorimeter te
scope CATE[17]. TheZ resolution of CATE is good
but masses of neighbouring isotopes partly overlap

Gamma rays emitted after Coulomb excitation w
measured in the array of 15 Ge-Cluster detectors o
RISING setup[16]. Due to the high recoil velocitie
of v/c ≈ 0.43, the Doppler broadening of theγ -ray
lines is appreciable. To maintain a good energy re
lution, the Ge detectors were placed at forward an
with a small opening angle of 3◦. The photopeak effi
ciency of the Cluster array was 1.13(1)% at 1.33 M
measured with a60Co source. However, the solid ang
transformation increases the efficiency to 2.3% foγ

rays emitted from the high-energy Cr ions. To redu
background contributions, the Cluster detectors w
surrounded at the sides by lead shielding of 6 m
thickness. Thinner Pb absorbers were used in fron
the detectors to suppressγ rays with energies below
500 keV in the laboratory frame.

Particle-gamma coincidences were recorded req
ing a γ ray in one or more of the Ge detectors,
incoming particle in scintillator SCI2 and an outg
ing particle in one of the CsI detectors of CATE.
determine the number of beam particles, events w
outγ -ray coincidence condition were recorded. In
off-line analysis event-by-event tracking and ident
cation of the incoming ions was performed. For t
correction of Doppler shifts of theγ -ray energies, the
trajectory of each incoming Cr projectile, the positi



32 A. Bürger et al. / Physics Letters B 622 (2005) 29–34

po-

he
ies
the

rs,
get
es-
ring
ge
-

cor-
low
ve

e

ler

e-
and

re-
s
var-
er
ac-
ctra
by
pa-
the
nce
the

f
ed
ns,

ise
ell

dis-
e

rin-
e

so-
tic
gh-
ble
e
gu-

rget
of the scattered particle measured in CATE and the
sition of the Ge crystal detecting aγ ray were used to
determine theγ -ray emission angle with respect to t
direction of the scattered projectile. The ion velocit
after the target were calculated for each event from
time of flight between the two scintillation detecto
SCI1 and SCI2, taking the energy loss in the Au tar
into account. After Doppler correction, an energy r
olution of 2% was obtained. The accepted scatte
angles of the Cr fragments were limited to the ran
of 0.6◦ to 2.8◦ to select predominantly Coulomb
excitation events. This range of scattering angles
responds to impact parameters between 10 fm (be
which nuclear reactions prevail) and 50 fm (abo
which atomic background becomes dominant).

Examples of theγ -ray spectra obtained for th
three Cr isotopes are displayed inFig. 2. They were
obtained after event-by-event correction for Dopp

Fig. 2. Examples of Doppler- and efficiency-correctedγ -ray spectra
showing the 2+1 → 0+ transitions in54,56,58Cr.
shifts and for the efficiencies of the individual Ge d
tectors. Isotope identification was made before
after the Au target and a prompt time gate was set to
duce the background fromγ rays produced at variou
places along the beam line. The gate widths were
ied within reasonable limits. A variation in the numb
of counts in the resulting spectra was taken into
count in the uncertainties. Other peaks in the spe
originate from neighbouring Cr isotopes produced
transfer reactions which cannot be completely se
rated due to the insufficient mass resolution after
target. However, these contaminations do not influe
the results as they represent a negligible fraction of
number of projectiles,Npro, which is the number o
projectiles within the scattering-angle range identifi
as Cr both before and after the target. The other io
mainly Mn and V, present in the beam do not give r
to contaminations in the spectra since they are w
separated from the gates on the Cr ions.

Theγ -ray transition intensities,Iγ , were obtained
by integrating over the 2+1 → 0+ peaks in the three
spectra and subtracting the background. Angular
tribution effects, which should be identical for th
three Cr isotopes, were not taken into account. In p
ciple, B(E2) values could be determined from th
Coulomb-excitation cross sections for the three i
topes[19,20]. However, to avoid possible systema
errors, e.g. from uncertain parameters in the hi
energy Coulomb excitation calculation, from possi
excitations of higher-lying 2+ states (for which we se
no evidence in the spectra) or from unknown an
lar distribution effects, we prefer to give theB(E2)
values for 56Cr and 58Cr relative to the previously
known value of54Cr, seeTable 2. TheB(E2) values

Table 2
Number of projectiles identified as Cr before and after the ta
(Npro), number of counts in the 2+1 peaks (Nγ ), γ -ray intensities
(Iγ ), B(E2;2+

1 → 0+) values and gamma-ray energies (Eγ ), for
54,56,58Cr

Isotope 54Cr 56Cr 58Cr

Npro [106] 37 18 12
Nγ 501(64) 126(44) 148(43)
Iγ [102] 211(27) 61(20) 73(19)
B(E2) [W.u.] 14.6(0.6)a 8.7(3.0) 14.8(4.2)
E(2+

1 ) [keV] 835a 1007a 880b

a From Ref.[18].
b From Ref.[4].
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Fig. 3. Calculated (from[8–10]) and experimental energies (fro
[4,18]), E(2+

1 ), andB(E2,2+
1 → 0+) values (from[18] and this

work) for Cr isotopes.

for 56,58Cr are determined using the relation:

B
(
E2, ACr

) = Iγ (ACr)/Npro(
ACr)

Iγ (54Cr)/Npro(54Cr)
B

(
E2, 54Cr

)
.

In Fig. 3 the experimental 2+1 excitation energies
E(2+

1 ), and theB(E2,2+
1 → 0+) values for the Cr

isotopes are displayed. TheB(E2) values show tha
the collectivity of the 2+1 state in56Cr with N = 32
is significantly lower than that of the neighbourin
isotopes,54Cr and58Cr with N = 30 and 34, respec
tively. In fact, it appears to be similar to that of52Cr
with theN = 28 shell closure. The experimental va
ues are compared to results of large-scale shell m
calculations using two different approaches. In the c
culations the effective NN interactionsGXPF1 [9] and
KB3G [10], respectively, were used in the (p, f) mod
space. TheB(E2) values were calculated with equ
polarisation charges for protons and neutrons,δe =
0.5e. For N � 36 theν(g9/2,d5/2) orbitals were in-
cluded in Ref.[10] to account for the onset of deform
tion expected due to the upward monopole drift of
νf orbital which closes theN = 40 gap. However
5/2
up toN = 36 little effect is predicted as compared
the (p, f) model-space values. TheGXPF1 interaction
was recently modified (GXPF1A) to better account fo
the E(2+

1 ) energies in Ti and Cr isotopes, but wi
marginal effect for theB(E2) values (seeFig. 3) [8].
The interactionsGXPF1 andKB3G differ mainly in
the prediction of anN = 34 subshell in54Ca, which
is only produced byGXPF1. The difference can b
traced back to theν(p1/2)

2 T = 1, J = 0 two-body
matrix element which is not related to the tensor
teraction. It is strongly binding inGXPF1A [8] and
stabilises theN = 32 and 34 shell gaps with theνp1/2
subshell filled in between. The situation is analog
to the (s, d) shell forN = 14, 16 in22,24O andZ = 14,
16 in 34Si, 36S and to the proton (p, f) shell in th
N = 50 isotones88Sr, 90Zr at Z = 38, 40 [7]. De-
spite the variations in theE(2+

1 ) energies, theB(E2)
values are virtually unchanged in both shell model
proaches and are almost constant fromN = 30 to 34
(seeFig. 3). The experimental value for56Cr clearly
lies below the theoretical predictions. The smallB(E2)
value is evidence for theN = 32 subshell closure a
ready indicated by the higher 2+

1 energy. This resul
is in agreement with a recent measurement ofB(E2)
values in52,54,56Ti [15] which also show a decreas
in collectivity for 54Ti with N = 32. Further inspec
tion of the shell model results reveals that the effec
gap between the p3/2 and p1/2 neutrons stays consta
at a value of about 2 MeV for both interactions wh
going from Ca to Cr, in agreement with the expe
mentalB(E2) trend. The f5/2–p1/2 gap decreases from
3.5 MeV in Ca to 1.5 MeV in Cr forGXPF1A while
it disappears forKB3G [8]. This explains the fact tha
theN = 34 gap has not developed in Cr and Ti, whi
makes Ca the crucial experimental benchmark. It a
accounts for the agreement within the two theor
cal approaches for Cr and Ti. The experimental tr
of the B(E2) values implies that the p3/2–p1/2 gap is
larger than predicted while the f5/2–p1/2 gap is smaller
than inferred from theGXPF1 interactions. TheB(E2)
values in theN = 32, 34 Cr isotopes must also be se
in the light of a comparison to the shell model valu
for the Fe and Ni isotopes[10] which show the nor-
mal peaking in the (p, f5/2) mid-shell atN = 32–34.
A further test of the model predictions would be
study of the heavier Cr isotopes which should sh
a steep increase in theB(E2) values towards deforma
tion.
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Abstract. The FRS-RISING set-up at GSI uses secondary radioactive beams at relativistic energies for
nuclear structure studies. At GSI the fragmentation or fission of stable primary beams up to 238U provide
secondary beams with sufficient intensity to perform γ-ray spectroscopy. The RISING set-up is described
and results of the first RISING campaign are presented. New experimental methods at relativistic energies
are being investigated. Future experiments focus on state-of-the art nuclear structure physics covering
exotic nuclei all over the nuclear chart.

PACS. 25.70.De Coulomb excitation – 25.70.Mn Projectile and target fragmentation – 29.30.-h Spec-
trometers and spectroscopic techniques – 29.30.Kv X- and γ-ray spectroscopy

1 Introduction

The RISING (Rare ISotope INvestigations at GSI) set-
up [1] consists of the fragment separator FRS [2] and
a highly efficient γ-ray spectrometer. EUROBALL Ge-
Cluster detectors [3] together with BaF2 detectors from
the HECTOR array [4] form the γ-ray array which is
placed at the final focus of the FRS. The SIS/FRS facil-
ity [2] provides secondary beams of unstable rare isotopes
produced via fragmentation reactions or fission of rela-
tivistic heavy ions. These unique radioactive beams have
sufficient intensity to perform γ-ray spectroscopy mea-
surements. In the first campaign fast beams in the range
of 100 to 400 A · MeV were used for relativistic Coulomb
excitation and secondary fragmentation experiments.

Coulomb excitation at intermediate energies is a pow-
erful spectroscopic method to study low-spin collective
states of exotic nuclei [5]. It takes advantage of the large
beam velocities and allows the use of thick secondary tar-
gets. Unwanted nuclear contributions to the excitation
process are excluded by selecting events with forward scat-
tering angles corresponding to sufficiently large impact pa-
rameters. Contrary to Coulomb excitation, fragmentation

a e-mail: F.Becker@gsi.de

and nucleon removal reactions at the secondary target are
a universal tool to produce exotic nuclei in rather high spin
states [1]. Besides being an excellent tool to investigate ra-
dioactive fragments up to higher spin states, fragmenta-
tion reactions provide a selective trigger, particularly sup-
pressing the strong background of purely atomic interac-
tion events. For the first fast beam campaign the RISING
set-up was optimized to the study of the following subjects
of exotic nuclei: the shell structure of nuclei around dou-
bly magic 56Ni and 100Sn, the evolution of shell structure
towards extreme isospin, the investigation of shapes and
shape coexistence in particular around the N = Z line and
the mirror symmetry, as well as collective modes and the
E1 strength distribution in neutron-rich nuclei (N À Z).

2 Experiments

2.1 Experimental details

The SIS facility at GSI provides primary beams of all sta-
ble nuclei up to 238U. For various nuclei a projectile energy
up to 1 A · GeV and intensities up to 109/s are avail-
able. Radioactive beams are produced by projectile frag-
mentation or fission of 238U. From the exotic fragments
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Fig. 1. Schematic sketch of the FRS-RISING set-up. Two
multiwire detectors (MW1 and MW2), an ionization chamber
(MUSIC), and two scintillator detectors (SCI1 and SCI2) are
the beam diagnostic elements for the FRS. γ-rays produced in
the reaction target at the final focus of the FRS are measured
with BaF2-HECTOR and Ge-Cluster detectors. The CATE
array identifies the outgoing reaction products by mass and
charge.

produced, the nuclei of interest are selected by the FRS
using the combined Bρ-∆E technique [2]. The RISING
set-up at the FRS is shown schematically in fig. 1. For the
FRS beam diagnostics, scintillator detectors (SCI), an ion-
ization chamber (MUSIC), and multiwire detectors (MW)
are employed to identify the produced ions and select the
nucleus of interest. The position-sensitive SCI detectors
determine the time-of-flight (TOF) and together with the
MWs the position of the beam in the FRS. From the TOF
and the flight path length, the velocity of the ion is deter-
mined. The MUSIC detector measures the energy loss of
the ions and gives the atomic number Z. Together with
the ion velocity a particle identification in Z and A/Q is
achieved. At the final focal plane of the FRS, a reaction
target is placed. In all Coulomb excitation experiments
this was a gold target, while for the secondary fragmenta-
tion experiment a 9Be target was used. To identify type
and track of the particles hitting the secondary target,
the two MWs placed upstream were applied. The outgo-
ing particles were identified in charge and mass by the
calorimeter telescope CATE [6,7,8], a Si-CsI array. The
position-sensitive Si detectors of CATE allow tracking of
the outgoing particles required for the scattering angle se-
lection in the Coulomb excitation experiments and for the
Doppler correction procedure. In order to perform γ-ray
spectroscopy a highly efficient γ-ray array was placed in
the view of the reaction target. It consists of EUROBALL
Cluster Ge detectors [3] and BaF2 detectors from the
HECTOR array [4]. The Cluster detectors benefit from
being placed under forward angles between 15 and 36 de-
grees, since the Lorentz boost increases the γ-ray efficiency
from 1.3% measured with a 60Co source at rest to 2.8%
(at 100 A ·MeV) for the in-beam studies at relativistic en-
ergies. A distance of 70 cm between the Ge detectors and
the target is necessary for an energy resolution between
1–3% after Doppler correction.

2.2 Present results

In a commissioning experiment a primary 84Kr beam
was used. The aim was to investigate the feasibility of

Coulomb excitation measurements under the present con-
ditions. The 2+

→ 0+ transition in 84Kr was employed to
study the impact parameter dependence at relativistic en-
ergies. From the γ-array design about 1% energy resolu-
tion is expected for a γ-ray emitted from a moving nucleus
with β ∼ 0.4 [1]. The commissioning with a primary 84Kr
beam confirms the expected energy resolution of ∼ 1.5%
for the Doppler-corrected 2+

→ 0+ transition at 884 keV
(β ∼ 0.4).

Relativistic Coulomb excitation measurements with
secondary beams were performed to measure for the first
time B(E2) values of first excited 2+ states. Excitation of
54,56,58Cr was chosen in order to investigate the shell struc-
ture of nuclei with extreme isospin. The secondary beam
was produced by fragmentation of a primary 84Kr beam.
In another experiment fragmentation of a primary 124Xe
beam produced secondary 108,112Sn beams. The measure-
ment of the electromagnetic 2+

→ 0+ transition probabil-
ity in the neutron-deficient nucleus 108Sn gives insight in
the nuclear structure towards 100Sn. It is a sensitive test
of E2 correlations related to core polarization. The known
B(E2) value in 112Sn is used for normalization.

Secondary fragmentation was used to study the mirror
pair 53Mn/53Ni. The identification of the so far unknown
first excited states in 53Ni would provide information on
isospin symmetry and Coulomb effects at a large proton
excess as well as a rigorous test of the shell model. Sec-
ondary beams of 55Ni and 55Co were produced by frag-
mentation of a primary 58Ni beam. The fragmentation of
the secondary beams produced many exotic nuclei, among
them the nuclei of interest 53Mn and 53Ni.

Compared to primary beams, secondary beams have
a broader momentum distribution. In order to achieve a
good energy resolution an accurate vertex reconstruction
of incoming and outgoing particles is required. The analy-
sis of the relativistic Coulomb excitation of 54Cr provides
an example [9]. The energy resolution of the 834 keV tran-
sition in 54Cr could be improved from ∼ 4% to ∼ 2%
without and with vertex reconstruction for the Doppler
correction procedure, respectively.

Figure 2 shows the γ-ray spectra of 54,56,58Cr. The
intensities of the clearly visible 2+

→ 0+ transitions are a
measure of the B(E2) strength which reveals information
on the evolution of a possible N = 32 sub-shell closure.
A detailed publication on the B(E2) values can be found
in references [10,11]. The relativistic Coulomb excitation
study of 108Sn revealed for the first time the B(E2) value
for the 2+

→ 0+ transition [12].

Concerning the two-step fragmentation of the 55Ni and
55Co secondary beams, the ongoing analysis reveals so
far the mirror pair 54Fe and 54Ni, this is presented in
fig. 3. The spectra acquired from ≈ 50% of the data show
good statistics and complement previous experiments on
54Ni obtained in a recent EUROBALL experiment [13]
and intermediate-energy Coulomb excitation studies at
NSCL [14]. The resolution of the γ-ray lines in fig. 3 is
inferior to that of the γ-ray lines shown in fig. 2 due to the
different reaction process. The goal to obtain 53Mn/53Ni
with a factor 50–100 lower cross-section could be reachable
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Fig. 2. Doppler-corrected spectra showing the 2+
→ 0+ transitions in 54,56,58Cr

with 4 keV per bin. The other peaks in the spectra are assumed to originate

from neighbouring nuclei which cannot currently be separated due to up to now

insufficient mass resolution after the target.

thickness. The fragment separator FRS was used to select and identify the
ions of interest out of the secondary beam before it hit the secondary target.
Behind that target, the ions were stopped in the CATE detector array [8].
Tracking before the target was done with two multiwire detectors. They
were placed before and after the MUSIC ionisation chamber [7] which is
used to identify the charges of the incoming ions. The masses before the
target were determined using the time of flight between two scintillators.
The secondary target was a 7 × 7 cm2 foil of 197Au with 1 g/cm2 thickness.
Both, particle identification and tracking after the secondary target, were
done with the calorimeter telescope CATE. The settings for the three runs
for 54Cr, 56Cr and 58Cr were chosen so that the beam energy after the sec-
ondary target was 100 · AMeV. The γ rays were detected using the Ge
Cluster detectors of RISING [7].

In the beam time of 22 h for 54Cr an average intensity of 4 · 104 beam
particles per spill was obtained. Around 45% of the beam particles were
identified as 54Cr before the target. The two other main beam components
were 55Mn and 53V.

For 56Cr in a beam time of 20 h the secondary beam intensity was around
2 · 104 particles per spill due to the lower production rate of this isotope.
The main beam components were 56Cr (35%), 57Mn and 55V.

In the case of 58Cr the production rate was still lower so that only
2 − 4 · 103 particles per spill hit the secondary target during 55 h of beam
time. The beam contained mainly the three nuclides 58Cr (25%), 59Mn and
57V.

3. Analysis and Results

In the analysis the incoming particles were identified using the detectors
mentioned above. Particles with impact parameters above ≈ 50 fm (atomic
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Fig. 3. Exotic nuclei produced by secondary fragmentation
reactions: γ-ray spectra were obtained for 54Ni (left) and 54Fe
(right) [15].

with an improved analysis using the full statistics, a re-
fined tracking Doppler correction, and in particular an
improved mass determination [15].

The mass resolution in the secondary fragmentation
reactions is limited by the accuracy of the momentum
distribution determination of the projectile fragments. Ac-
cording to the statistical model derived by Goldhaber [16]
the mass resolution of fragments at 100 A · MeV amounts
to 2–3% (FWHM) without a momentum or time-of-flight
measurement. With the actual CATE set-up we could
achieve a mass resolution of the 2–3% for fragmentation
and 1–2% for Coulomb excitation reaction channels [8].

From recent experiments we have the following online
results. The structure of neutron-rich Mg nuclei is be-
ing investigated by lifetime measurements. In the chain of
the Mg isotopes strong prolate deformations are expected.
B(E2) values of excited states deduced from lifetimes will
be a measure of the deformation. The experiment takes
advantage of the high abundance of nuclei produced via
a two-step fragmentation reaction. According to the ex-
pected lifetime a stack of three targets has to be arranged
at well defined distances. This allows the extraction of the
lifetimes of states in the picosecond range by analysing
the specific γ-ray line shapes.

The A ≈ 130 region shows strong evidence for the ex-
istence of stable triaxial shapes [17]. This is indicated in
this transitional region by the observation of chiral doublet
structures in the odd-odd N = 75 isotones [18]. N = 74
even-even nuclei 132Ba, 134Ce and 136Nd are good candi-
dates since they are cores of the N = 75 odd-odd nuclei
132La, 134Pr and 136Pm where chiral doublet bands were
observed. Relativistic Coulomb excitation of the even-even
nuclei are being performed within the RISING campaign.
The measurement of the B(E2) values of the transitions
depopulating the 2+

1 and 2+
2 states will provide a sensitive

test for the results of the Monte Carlo shell model. The
calculations predict comparable strengths for the B(E2)
values of the 4+

1→ 2+
1 and the 2+

2→ 2+
1 transitions as a

fingerprint of the underlying triaxiality [19].
A technical upgrade is a detector behind the reaction

target, an additional CATE ∆E Si detector. Compared to
the vertex reconstruction achieved with the MW detectors
3 m upstream of the reaction target, the accuracy of the
position determination at the target was improved from
1 cm to 3 mm (FWHM). Measuring twice the ∆E, at the
target and at CATE, enhanced the measured Z resolution
by a factor 1.4.

3 Perspectives

The differential Doppler shift method applied for the
neutron-rich Mg isotopes can also be employed in the light
Pb isotopes. The proposed investigation on 185,186,187Pb
would probe the scenario of the predicted triple shape co-
existence by the experimental determination of the defor-
mation parameters. The lifetime information on the first
excited states could again be extracted from the γ-ray line
shapes produced in a secondary fragmentation reaction.
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The investigation of collective modes in nuclei far from
the stability line is still in its infancy. In the neutron-rich
nuclei the p-n asymmetry could influence the shell struc-
ture. Predictions by theory point to changes in the giant
dipole resonance (GDR) strength distribution in exotic
neutron-rich nuclei like 68–78Ni. The GDR is supposed to
fragment the strength towards lower excitation energy, the
so called Pygmy resonances. The RISING set-up provides
besides the Ge-Cluster also BaF2 detectors. The latter
permit the measurement of γ-rays at relatively high ener-
gies making it possible to cover the entire dipole response
function. The measurement of the γ-ray decay stemming
from GDR is a proposed RISING experiment on 68Ni.

Further it is planned to investigate the structure of
neutron-rich nuclei with respect to mixed symmetry [20].
IBM-2 calculations predict mixed-symmetry states in the
N = 52 isotones, i.e. non-symmetric states with respect to
the p-n degree of freedom. To study the evolution of this
structure at N = 52 below Z = 40 suggests an investiga-
tion of the neutron-rich nuclei 88Kr and 90Sr. Relativistic
Coulomb excitation experiments could reveal the B(E2)
values for the predicted low-lying first and second excited
2+ states. The 2+

2 value would be a sensitive test for de-
tailed shell model and IBM-2 calculations and would con-
tribute to understand the evolution of mixed-symmetry
configurations [21].

A possible weakening of the spin-orbit splitting re-
sulting in a restoration of the harmonic-oscillator shell
closures is predicted by theory for very neutron-rich nu-
clei [22]. In this scenario the harmonic-oscillator magic
numbers would supersede the magic numbers based on
the Woods-Saxon potential well known for nuclei close to
stability. For the neutron-rich Ni and Sn isotopes the in-
formation on the most significant matrix elements, mag-
netic moments and spectroscopic factors are up to now not
available. RISING will contribute revealing these sensitive
pieces of nuclear structure information.

An investigation of the nuclear structure in the vicin-
ity of 132Sn is a good testing ground for the evolution
of the spin-orbit splitting [23]. For neutron-rich nuclei far
from stability this splitting is predicted to decrease or van-
ish [22]. The RISING set-up offers the opportunity to de-
termine the information on the spin-orbit splitting by the
measurement of the spectroscopic factors. It is proposed
to measure spectroscopic factors in 131Sn by a neutron re-
moval reaction of a radioactive 132Sn beam produced by
fission of 238U.

The structure of the unstable neutron-rich isotopes
132,134,136Te is strongly influenced by the N = 82 shell clo-
sure and two protons outside the magic Z = 50 shell [24].
Measurements of g-factors performed within the RISING
project would yield the information on the dominant role
of protons or neutrons being involved in the configura-
tions of the first excited states. A comparison with predic-
tions by theory would give the information on the specific
components induced by neutron and proton orbitals. The
proposed measurement of perturbed γ-ray angular corre-
lations for lifetimes in the picosecond range is at present
only feasible by the technique of transient magnetic fields

(TF). The future g-factor experiment will employ the
relativistic Coulomb excitation of secondary 132,134,136Te
beams in combination with the TF technique.

Spectacular is the observation of an anomalous
Coulomb energy difference behaviour in the N = Z nu-
cleus 70Br [25]. Coulomb distortion of the nucleon orbitals
is indicated (Thomas-Ehrman shift). This effect should
increase as the drip line is approached. The RISING
proposal on the supposed proton emitting nucleus 69Br
would allow the investigation of the heaviest mirror pair
69Br/69Se at the proton drip line. Moreover 69Br plays an
important role in the rapid-proton capture (rp) process.
The odd-Z isotope 69Br is considered as being a possi-
ble termination point in the rp-process when the proton
capture lifetime of the 68Se target is longer than compet-
ing decays and the proton flux duration. Previous experi-
ments [26,27,28] could not attribute clear evidence for the
stability of 69Br due to difficulties of the flight path limit.
In the proposed RISING experiment an investigation of
the prompt production in a secondary fragmentation re-
action would overcome this limitation. At the same time
the measurement of the prompt γ-ray decay would give
insight into mirror pair properties at the proton drip line.
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The initial experiments performed using the fast fragmentation beams and the RISING 
gamma-ray spectrometer are reviewed and their results discussed. Plans for the future 
campaigns using ions which are slowed down and stopped in a catcher will also be 
presented, including details of experiments which measure magnetic moments (g-factor) and 
β decays using an active stopper. 

1.   Introduction 

The study of atomic nuclei and their dynamics at low excitation energy has 
been performed over several decades using more and more sophisticated 
experimental techniques. The themes of modern day nuclear structure 
research are changing. On one hand they are refocusing towards the study of 
low-spin properties and the associated complete spectroscopy; while on the 
other, nuclear structure research is now able to manipulate an extremely 
important degree of freedom, namely the neutron-to-proton ratio, with the 
advent of the new radioactive beam facilities. Here, not only predictions of 
present day nuclear models can be tested, but effects due to the underlying 
neutron-proton degree of freedom can be thoroughly studied. Besides this, 
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new properties can be revealed,  such as the coupling of bound states with 
the continuum, dilute nuclear matter, clustering and new decay modes. With 
the availability of Radioactive Ion Beams (RIB), all essential degrees of 
freedom will become available for experimental manipulation. Such work, 
however, requires infrastructure that can only be afforded on a supranational 
scale. That said, the discovery potential is very large and new facilities, such 
as RIA and the GSI extension FAIR, will be built in the coming decade. 

Essential for RIB and stable-beam research is the use of high-performance 
detector arrays to study properties of stable and exotic nuclei. Large γ-ray 
spectrometers such as Euroball and Gammasphere were developed for the 
study of high-spin physics where they have been very successful. Nowadays 
they are being partly converted towards lower-spin applications. The 
challenge is that ‘low-spin’ physicists need the ‘high-spin’ technology and 
high-spin physicists need the low-spin methods and theoretical approaches. 
The most advanced project in this direction concerns the Euroball 
spectrometer, which was dismantled in 2003 for this specific goal. The 15 
Euroball Cluster detectors are now installed at the Fragment Recoil Separator 
(FRS) of GSI as part of the RISING project [1] for RIB research. It is also 
worth noting that the other major components of the Euroball spectrometer 
have been successfuly installed at the RITU spectrometer in Jyvaskyla and 
within the CLARA array at INFN-Legnaro for use in stable-beam induced 
experiments. 

 
2. The RISING fast beam campaign. 
 
The first RISING campaign (spokesman P. Reiter) ran from summer 2003 
until spring 2005 and was aimed at γ−ray spectroscopy of exotic nuclei 
moving at relativistic energies. The set-up was conceived in such a way that 
the gamma-ray detection efficiency was maximized, with the restriction that 
the energy resolution was at the one percent level for each individual Euroball 
Cluster segment for recoil velocities of v/c = 0.43. Due to the Lorentz boost 
this implied a strongly asymmetric setup whereby all detectors were mounted 
behind the target in three rings around the 16 cm wide beam tube. With this 
set up, a photopeak efficiency of 2.81% (at 1.33 MeV) and an energy 
resolution of 1.56% was attained [1]. In part of the fast beam experiments two 
additional rings holding seven additional MINIBALL triple detectors were 
added, increasing the photopeak efficiency to 7.3%. In the backward 
direction,  eight BaF2 detectors from the HECTOR array were mounted. 
These were used to measure very high energy γ-rays and also provide a very 
good timing reference. After the target the Calormetric Telescope array 
CATE was used to identify the scattered particles and breakup products. It 
consisted of position sensitive ∆E-E detectors constructed from thin Si and 
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thick CsI(Tl)  telescope detectors [2]. To analyze the data each event is 
tracked and reconstructed. Figure 1 shows a photograph of the complete ‘Fast 
RISING’ setup. 
 
 

Figure 1: RISING fast beam setup. The beam enters the setup from the right. After hitting the 
target  the ions are detected in  the CATE detector. The γ rays are detected using the HECTOR 
array (right) the MINIBALL detectors (middle) and the EUROBALL Cluster detectors (left).  
 

The first results of the fast campaign are now available. Relativistic 
Coulomb excitation was used in several experiments in order to extract 
absolute B(E2) values of the first excited state in a number of unstable nuclei,  
which provides an independent test of the collectivity of this fundamental 
excitation. For 56Cr and 58Cr, the results confirm the presence of a subshell 
closure at N=32, which was already indicated by the anomalous excitation 
energy of the 2+ state in 56Cr [3]. The result presents a challenge for large 
scale shell-model calculations which over predict the B(E2:2+ →0+) value for 
this nucleus. In the 108Sn isotope the obtained B(E2:2+ →0+) value is in 
agreement with the theoretical calculations [4].  

In order to study proton-rich unstable nuclei, two-step fragmentation 
reactions were used in several experiments. Preliminary results on the T=3/2 
mirror nuclei in the A~50 region show the potential of this method [5]. In 
addition to the first results discussed above, a significant number of other new  
results are expected following the completion of the complex data analysis  
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associated with these experiments, including those performed with the 
addition of the MINIBALL detectors to the  RISING array. 

 
3. The g-factor campaign 
 

Static nuclear moments (specifically magnetic dipole and electric 
quadrupole moments) present critical tests for the nuclear wave functions 
obtained within theoretical models, since only one state is involved in the 
calculation of the expectation values of these observables. The magnetic 
moment, µ, being the product of the nuclear g-factor and the spin I, is a very 
sensitive probe of the single-particle structure of nuclear states.  High-spin 
isomers in the region of doubly-magic nuclei often have a rather pure single 
particle configuration, for which the g-factor is a very good observable to 
determine the valence nucleon configuration. Measurements of nuclear g-
factors can also serve as stringent tests of spin and parity assignments [6]. 
This is particularly true in far-from-stability regions where such assignments 
are often based on systematics and theoretical predictions.  

Starting  in the Autumn of 2005,  the RISING collaboration will perform 
a dedicated campaign of g-factor measurements (spokeswoman G. Neyens) 
using the Time Differential Perturbed Angular Distribution (TDPAD) 
method. The method of g-factor determination (or a spectroscopic quadrupole 
moment) for an isomer state is based on measuring the perturbation of the 
γ−ray anisotropy due to externally applied magnetic (or electric) interactions, 
following the implantation of the spin-oriented isomeric beam into a suitable 
stopper (i.e., a crystal or foil).  This method has been used extensively over 
the last couple of decades for measurements of static moments of isomeric 
states which were produce (and spin-aligned) following in-beam fusion-
evaporation reactions [6]. However, in order to investigate isomers with 
lifetimes in the range of 10-7 – 10–4 s in neutron-rich nuclei, the projectile 
fragmentation and projectile fission reactions are the most suitable (and often 
the only available) methods for producing, spin-orienting and selecting the 
isomers in a fast and efficient way. 

 To date, only a few TDPAD measurements have been made on isomers 
produced in fragmentation reactions at intermediate and relativistic energies 
of the primary beam [7,8,9]. The major difference between these and the 
former in-beam experiments, is that the isomers are first mass separated in-
flight using dipole magnets.  During the separation process, the reaction-
induced spin-orientation needs to be maintained until the moment of 
implantation.  The hyperfine interaction between the nuclear and random-
oriented electron spin can cause a loss of orientation during the flight through 
vacuum.  To avoid this hyperfine interaction, we have two possibilities: either 
(i) the isomer is produced without electrons (fully stripped fragments), or (ii) 
the isomeric beam is selected in a noble-gas-like charge state.  The high 
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primary beam energies used in fragmentation reactions mean that most 
fragments can be produced fully stripped, and therefore such beams have 
been used until now. In a pioneering experiment, Schmidt-Ott and 
collaborators demonstrated that considerable alignment (~ 30%) is observed 
in the 43mSc isomeric ensemble selected with the FRS at GSI and produced in 
the fragmentation of a relativistic 46Ti beam (500 MeV/u) [7].  

For the planned experiments at the FRS a dedicated magnet system 
allowing magnetic fields up to about 1.5 T (with a gap of 5 cm between the 
poles) up to 1.1 T (with a gap of 10 cm) will be used.  The γ decays will be  
detected using 8 Clusters mounted in a close geometry in the horizontal plane 
(see Figure 2). 

 
 
 

 
 
 

 

 

 

 

 

   

 

 

 
Figure 2: Schematic layout of the TDPAD set-up for measuring isomeric g-factors viewed from 
above. Detectors are at 36 cm from the stopper, and at relative angles of 60o to each other. The 
total γ-ray detection efficiency is estimated at 4%.  

 
Experiments with fully stripped fragments were limited up to now to 

nuclei up to mass number Amax ≈ 80 using intermediate energies as provided 
at e.g. GANIL, RIKEN and MSU.  This is because the probability of picking 
up electrons increases with Z for a fixed beam energy, while it decreases with 
the beam energy for a given Z.  RISING will address mass A ≈ 100→200 
nuclei. The proposed experiments can be peformed at present only at GSI, 
because the energy and charge of the primary beam at other facilities is not 
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high enough.  Furthermore, the fragmentation of a relativistic 238U beam 
(available only at GSI) offers the unique possibility of studying isomers in 
neutron-rich nuclei approaching 132Sn.  The presence of spin-alignment in 
fragments produced by a relativistic 238U fission reaction will be 
demonstrated for the first time as part of the g-RISING campaign. 
         The proposed g-factor studies focus on nuclei in regions along shell 
closures (Z=50 and Z=82) and near doubly magic nuclei. Near the Z=50 shell 
closure, the structure of isomeric states which consist of rather pure particle 
and/or hole configurations with respect to the doubly-magic proton-rich 100Sn 
and the doubly-magic neutron rich 132Sn cores will be investigated. Study of 
the g-factors of isomers in these regions will help to pin down the suggested 
configurations and spin assignments, as well allowing investigation of the  
properties of the M1 operator and its suggested quenching at the extremes of 
isospin between 100Sn and  132Sn. 
    Nuclei along the Z=82 proton shell closure exhibit a variety of nuclear 
structures at low excitation energy.  In the neutron mid-shell region, a 
transition from a typical shell model type structure towards more collective 
states seems to set in. Here the g-factors in this region are investigated to 
probe the onset of collectivity in the isomeric wave functions. 
 
4. The stopped beam campaign 
 
Following the g-factor measurement the RISING Stopped Beam Campaign 
(spokesman P. Regan) will start. Here the 15 EUROBALL Cluster detectors 
will be used to build a compact array around a passive or active stopper. They 
will be used to measure γ-rays following β-decay to excited states and to 
measure the direct decay of long lived isomers. For the study of the former 
process, a position sensitive silicon detector will be used as an active stopper 
so that the incoming heavy ion can be correlated to its subsequent β-decay. 
The compact set-up is expected to reach a photopeak efficiency of 11% at 
1.33 MeV and 20% at 0.662 keV (see Figure 3). It can be extended with 8 
BaF2 fast scintillators for fast-timing experiments. The FRS will be used in 
monochromatic mode which allows the stopping of selected isotopes in a 
1mm thick Si stopper at the focal plane. This allows a spreading of specific 
species across a wide area of the focal plane, both increasing the sensitivity of 
the experiments and allowing longer decay times for subsequent heavy-ion-
implantation-β−decay correlation measurements to take place. 
 

 
The physics aims of the Stopped RISING project are focused on 

obtaining spectroscopic information on nuclei with highly exotic proton-to-
neutron ratios. These include specific studies of (i) isospin and seniority 
isomers along the N=Z line (specifically 54Ni and N=Z=41→43); (ii) the use 
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of 'cold fragmentation reactions' to populate rather neutron-rich nuclei and in 
particular isomeric states  arising from the maximal spin coupling of 2-
particle (or hole) states in near doubly magic systems 'south' of 132Sn (130Cd) 
and 208Pb (206Hg, 204Pt); (iii) the investigation of very neutron-rich Zr nuclei 
approaching the 110Zr harmonic oscillator double shell closure following 
projectile fission reactions; (iv) and the utilization of K-isomeric states to 
map out collectivity and axial symmetry around the valence proton-neutron-
product  (Np.Nn) maximum nucleus 170Dy. 

 

 
 

Figure 3.  CAD drawing of the Stopped Beam RISING array. 
 
5. Conclusions 
 
The RISING project is aimed at frontier research in nuclear structure physics 
using relativistic RIB. It therefore has to combine the complicated FRS 
infrastructure with state-of-the-art γ-ray detectors. Although as expected 
several technical problems can arise (e.g., atomic background, operation of 
the FRS in new settings) the project is moving forward and the first 
experiments are providing new and interesting results and, more importantly 
perhaps,  paving new experimental pathways into the unknown regions of the 
Segre chart. These experiments will be of vital importance for the future 
FAIR and RIA facilities. The first results of the fast beam campaign are now 
available and a new series of experiments using stopped beams will be 
performed in 2006-7. RISING is a major effort of the European nuclear 
physics community and has already demonstrated that the traditional low- and 
high-spin communities can merge and pursue common scientific goals in the 
future. 
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The unstable neutron-deficient 108Sn isotope has been studied in inverse kinematics by intermediate-energy
Coulomb excitation using the RISING/FRS experimental setup at GSI. This is the highest Z nucleus studied so
far with this method. Its reduced transition probability B (E2;0+

g.s. → 2+
1 ) has been measured for the first time.

The extracted B(E2) value of 0.230(57)e2 b2 has been determined relative to the known value in the stable 112Sn
isotope. The result is discussed in the framework of recent large-scale shell model calculations performed with
realistic effective interactions. The roles of particle-hole excitations of the 100Sn core and of the Z = 50 shell gap
for the E2 polarization are investigated.
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The structure of nuclei far from β stability is currently a
key topic of research, both experimentally and theoretically.
Emphasis is put on phenomena such as shell evolution, proton-
neutron interaction, and changes of collective properties. A
burning question in nuclear structure physics is whether the
shell closures known close to the valley of stability are
preserved when approaching the limits of nuclear existence.
Toward the proton drip line, because of the confinement of
protons by the Coulomb barrier and/or the vicinity of the
N = Z line, changes in shell structure as well as collectivity
are expected to be driven exclusively by the monopole
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drift [1–3] of single-particle states and the proton-neutron
interaction between identical shell model orbitals [4]. Hence,
core polarization studied in spin (M1, Gamow-Teller) and
shape (E2) response, proton-neutron pairing, and isospin
symmetry are appealing nuclear structure investigations. In
this respect, the heaviest proton bound N = Z doubly magic
nucleus 100Sn and its neighbors provide a principle test
ground. Information on quadrupole polarization of the magic
core can be inferred from the energy of the first excited
2+ states and their E2 transition rates to the ground state.
Experimentally, the nuclear properties of 100Sn are only
indirectly known [5–7], although its existence has already been
confirmed [8,9].

The Sn isotopes between the N = 50 and 82 shell closures
provide the longest chain of semi-magic nuclei accessible to
nuclear structure studies, both in the neutron valence space
of a full major shell and with emphasis on excitations of the
Z = 50 core. The B(E2;0+

g.s. → 2+
1 ) value is most sensitive to

details of shell structure and E2 core polarization. However,
the existence of higher lying isomeric states in the tin isotopes
hampers a direct measurement of the lifetime of the 2+

1
states by standard Doppler methods (DSAM, RDM) and the
very short lifetimes of the 2+

1 states are not accessible to
electronic timing methods. Therefore, a Coulomb excitation
measurement is the only way to obtain this nuclear structure
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information. Until recently only the B(E2;0+
g.s. → 2+

1 ) values
of the stable 112−124Sn nuclei were measured in sub-barrier
Coulomb excitation [10].

In the following, we report on the first intermediate-energy
Coulomb excitation experiment performed on the 108,112Sn
isotopes using the RISING/FRS setup [11]. A primary beam of
124Xe at 700 MeV/nucleon energy and an average intensity of
6 × 107 s−1, delivered by the SIS accelerator at GSI, impinged
on a 4 g/cm2 9Be production target located at the entrance of
the fragment separator (FRS) [12]. The Sn isotopes were
produced via projectile fragmentation. Secondary beams were
separated by the FRS operated in achromatic optics mode
and identified on an event-by-event basis by coincidence mea-
surements of energy loss in an ionization chamber, magnetic
rigidity, and time of flight using two scintillator detectors.
The trajectories of the projectiles were tracked with two
multiwire proportional chambers. A wedge-shaped aluminium
degrader with thickness of 4.59 g/cm2 and 4.83 g/cm2 for the
108Sn and 112Sn fragment settings, respectively, was placed
at the middle focal plane of the FRS. This allowed an
optimized separation of the fragments of interest, amounting
in both cases to �60% of the secondary beam cocktail.
A secondary 197Au target with a thickness of 386 mg/cm2

was placed at the final focal plane of the fragment sep-
arator. The 108,112Sn nuclei impinging on the gold target
at 142 MeV/nucleon and 147 MeV/nucleon energies, re-
spectively, were mainly excited by means of electromag-
netic interaction. Gamma rays in coincidence with projectile
residues were detected by the 15 RISING Ge-Cluster detectors
[11,13]. The position-sensitive detector array CATE [14],
consisting of 3 × 3 Si-CsI(Tl) modular �E-E telescopes, and
covering an opening angle of 58 mrad, was placed 1426 mm
downstream from the secondary target. It served for the
reaction channel selection as well as for the scattering angle
determination.

At intermediate energies, a Coulomb excitation mea-
surement is an experimental challenge because of intense
atomic background radiation and relativistic Doppler effects.
Previously, the method has been applied to nuclei with Z � 30
only. The 15 RISING Ge-Cluster detectors were positioned
at forward angles with a small opening angle of 3◦ (for each
single crystal) to maximize the effective solid angle affected
by the Lorentz boost, while at the same time minimizing the
Doppler broadening. This allowed an energy resolution of 3%
to be achieved for projectile residue velocities of ∼=0.46c. To
suppress the atomic background radiation, each Ge-Cluster
detector was surrounded on the side by a lead sheet of 2 mm
thickness, and its front face was shielded by a combination of
Pb, Sn, and Al absorbers of 5 mm thickness. In the analysis,
an add-back procedure (applied to all seven crystals within
a Ge-Cluster) and a Doppler-shift correction were performed
event by event. For technical reasons (see Ref. [15] for details)
only five of the RISING Ge-Cluster detectors were suitable
for the off-line data analysis. The top panel in Fig. 1 shows the
Doppler-corrected energy spectrum of the excited 112Sn, with
the γ -ray line of interest at 1257 keV. The bottom panel shows
the corresponding spectrum for 108Sn with the γ -ray line at
1206 keV.

FIG. 1. De-excitation γ -ray lines following 0+
g.s. → 2+

1 Coulomb
excitation of the 112,108Sn projectiles, respectively.

The conditions applied in the data analysis to obtain the
spectra in Fig. 1 are the following:

(i) fragment selection before the target with the FRS;
(ii) fragment selection after the target with CATE;

(iii) prompt γ time “window” (26 ns wide) selection;
(iv) Ge-Cluster multiplicity Mγ (Eγ � 500 keV) = 1; and
(v) scattering angle selection between 1◦ and 2◦.

Of the fragments selected in the FRS, about 80% of these
events were tagged in CATE with 25% of these corresponding
to Coulomb excitation and the rest to fragmentation reaction
channels in the target. The intermediate-energy Coulomb ex-
citation reaction is predominantly an one-step process, which
implies a γ -hit multiplicity equal to one. However, it is possible
that the de-excitation event is recorded in coincidence with
background radiation originating from either atomic processes
in the target or additional fragmentation reactions in the
1-cm-thick CATE-CsI detectors. In our case, owing to a small
γ detection efficiency (<∼1%), only 3% of the recorded events
correspond to a Ge-Cluster multiplicity greater than one. For
an appropriate Coulomb excitation event selection, it was
required in the analysis that the condition of single γ -hit cluster
multiplicity is satisfied only for prompt γ rays at energies in
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excess of 500 keV (in the laboratory frame), thus excluding
nonsuppressed atomic radiation. The requested condition on
the scattering angle (calculated in the laboratory frame)
between 1◦ and 2◦ corresponds approximately to impact pa-
rameters in the range 11–22 fm [15]. Below this range one
expects nuclear interactions to contribute, whereas above the
elastic channel dominates with an increase in the electromag-
netic radiation background. Further details on the optimiza-
tion of the aforementioned conditions may be found in [15].

In spite of the strict data analysis, the spectra in Fig. 1
exhibit significant background even at energies around or
above 1000 keV. This background is expected [11] to be manly
created by fragmentation of the 108Sn/112Sn nuclei in the thick
CATE-CsI detectors. The time resolution of the Ge-Clusters
(�14ns) is insufficient to disentangle it from γ rays emitted
by fragments interacting with the gold target.

From the observation of the Doppler corrected γ line cor-
responding to the 0+

g.s. → 2+
1 transition in 108Sn, the Coulomb

excitation cross section can be extracted, which is directly
proportional to the B(E2) value [16]. In the analysis, effects
such as particle-γ angular correlations, nuclear excitation, or
excitations of higher lying 2+ states (feeding contributions)
have to be considered. These data are not available owing
to limited statistics. Therefore, we present the experimental
result of a relative measurement of the B(E2; 0+

g.s. → 2+
1 )

value in 108Sn. The intermediate-energy Coulomb excitation
measurement performed on 112Sn with B(E2; 0+

g.s. → 2+
1 ) =

0.240(14) e2 b2 extracted from a subbarrier Coulomb exci-
tation experiment [10] was used as normalization. This is
justified since the two Coulomb excitation experiments were
performed under very similar conditions [15]. The unknown
feeding pattern is thus canceled out (assuming similar nuclear
structure in both 108Sn and 112Sn as supported by theory), as
well as the remaining nuclear contribution not removed by the
scattering angle condition.

In Table I the experimental parameters needed to calculate
the B(E2) value in 108Sn are listed. Additional information on
data-taking time and the secondary beam intensity is given for
both fragment settings.

The B(E2; 0+
g.s. → 2+

1 ) value in 108Sn was determined as
follows

B(E2 ↑)108 = B(E2 ↑)112 × N108
γ

N112
γ

× N112
p

N108
p

× 0.88,

yielding B(E2; 0+
g.s. → 2+

1 )108 = 0.230(57) e2 b2. The value
0.88 corresponds to the ratio of the proportionality factors

TABLE I. Photon yield Nγ , particle flux on target, Np , data-
taking time, and intensity (projectiles per second) for the two 108,112Sn
fragment settings.

Isotope N a
γ N b

p Data-taking time Intensity

108Sn 174(26) 15 × 107 58 h 2480 Hz
112Sn 106(20) 10 × 107 33 h 2400 Hz

aThe photon yield was recorded with γ -particle trigger.
bThe particle flux on target was inferred from down-scaled particle
trigger (see Ref. [15]).

between the excitation cross section and the reduced transition
probability for 112Sn and 108Sn. The proportionality factors
were calculated with the standard code DWEIKO [17] used
for nuclear scattering at intermediate and high energies
(Elab � 50 MeV/nucleon), taking into account the scattering
angle selection applied in the data analysis. Because the 2+

1
excited states in 108,112Sn lie close in energy, equal γ -ray
efficiencies within experimental uncertainties were considered
in the B(E2) determination.

In the following, the measured B(E2↑) value in unstable
108Sn is compared to the results of two large-scale shell model
(LSSM) calculations. The first set of LSSM calculations was
performed for the tin isotopes 102−130Sn, with a model space for
neutrons consisting of the 1d5/2, 0g7/2, 1d3/2, 2s1/2, and 0h11/2

orbitals. Two sets of interactions with closed-shell cores 100Sn
and 132Sn were considered, following the prescription outlined
in Ref. [18] and using the CD-Bonn potential for the bare
nucleon-nucleon interaction [19]. In the discussion here we
focus however on the results obtained with the 100Sn closed-
shell core. A harmonic-oscillator basis was chosen for the
single-particle wave functions, with an oscillator energy h̄ω =
8.5 MeV. The single-particle energies of the chosen model
space orbits are ε1d5/2 = 0.00 MeV, ε0g7/2 = 0.08 MeV, ε1d3/2 =
1.66 MeV, ε2s1/2 = 1.55 MeV, and ε0h11/2 = 3.55 MeV. The
neutron effective charge used in the calculations is 1.0e. The
results of the calculations for the energies of the 2+

1 excited
states and B(E2; 0+

g.s. → 2+
1 ) values are presented in columns 3

and 5 of Table II together with the experimental data measured
recently for the unstable light isotope 108Sn (this work), the
unstable heavy isotopes 126,128,130Sn [20], and the previously
measured values for the stable isotopes 112−124Sn [10].

TABLE II. Iπ = 2+ energies and E2 strengths in 102−130Sn.

Isotope E2+
1

[keV] B(E2↑)[e2 b2]

Exp.a SMb Exp. SMb SMc

102Sn 1472.0(2) 1647 0.043 0.044
104Sn 1260.1(3) 1343 0.094 0.090
106Sn 1207.7(5) 1231 0.137 0.125
108Sn 1206.1(1) 1243 0.230(57)d 0.171 0.162
110Sn 1211.9(2) 1259 0.192 0.192
112Sn 1256.9(7) 1237 0.240(14)a 0.203 0.219
114Sn 1299.9(7) 1208 0.24(5)a 0.209 0.235
116Sn 1293.6(8) 1135 0.209(6)a 0.210 0.241
118Sn 1229.7(2) 1068 0.209(8)a 0.208 0.239
120Sn 1171.3(2) 1044 0.202(4)a 0.201 0.228
122Sn 1140.6(3) 1076 0.192(4)a 0.184 0.206
124Sn 1131.7(2) 1118 0.166(4)a 0.156 0.174
126Sn 1141.2(4) 1214 0.10(3)e 0.118 0.134
128Sn 1168.8(4) 1233 0.073(6)e 0.079 0.090
130Sn 1121.3(5) 1191 0.023(5)e 0.042 0.047

aRef. [10].
bLSSM in ν(g7/2, d, s, h11/2) shell model space with 100Sn closed-
shell core and eν

eff = 1.0e.
cLSSM in π (g, d, s) and ν(g7/2, d, s, h11/2) shell model space with
90Zr closed-shell core and eν

eff = 0.5e (see text).
dThis work.
eRef. [20].
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The comparison between experiment and theory shows
agreement for the heavier Sn isotopes and in the case of
108Sn within the error bars. However, a closer inspection
of the light Sn isotopes reveals that part of the systematics
seems to exceed the theoretical predictions. In the case of
the interaction inferred for a 132Sn core, the experimental
B(E2↑) values are reproduced with effective charges between
0.7e and 0.8e [21]. This indicates a different character of core
excitations in the N = Z and N > Z regions of the tin isotopic
chain. Moreover, the effective charges for the lighter Sn
isotopes show stronger renormalization effects, implying
larger core polarization owing to particle-hole (ph) excitations.

To shed more light on the role of core-polarization ef-
fects, our second set of large-scale shell model calculations
includes protons in the 0g9/2, 0g7/2, 1d5/2, 1d3/2, and 2s1/2

single-particle orbits as well, in addition to neutrons in the
same model space as in the first set of calculations. The
calculations allow up to 4p-4h proton core excitations (our
computational limit), and the effective charges are set to the
unscreened values 1.5e and 0.5e for protons and neutrons,
respectively. Our closed-shell core is this time 90Zr, and
the effective interaction, derived along the same lines as
was done previously and with the same nucleon-nucleon
interaction, was, however, phenomenologically adjusted to the
spectroscopy of Sn isotopes and N = 82 isotones; see Ref. [22]
for more details. Because in this model space the m-scheme
dimension [23] would be excessively large, the coupled code
NATHAN [23] is used, which allows for a seniority truncation.
Convergence was nearly obtained for seniority v = 8.

The experimentally observed asymmetry of the B(E2) sys-
tematics, supported also by recent preliminary results on 110Sn
measured at REX-ISOLDE [24], suggests the importance of
studying the role of proton core excitations and the evolution
of the Z = 50 shell gap. The proton-neutron interaction, in
particular the π (0g9/2)−ν(0g7/21d5/21d3/22s1/2) monopoles,
responsible for the evolution of the spectroscopy between 91Zr
and 101Sn, governs the evolution of the proton Z = 50 gap
with the neutron filling. The tuning of the interaction for 91Zr
and 101Sn is therefore sufficient to maintain the experimental
Z = 50 shell gap as extracted from mass measurements.
This is reflected in Fig. 2 for the proton effective single
particle energies (ESPEs), as defined in Ref. [2], along
the tin chain. Note that the ESPEs shown are not identical to the
experimentally observed single-particle states that comprise
configuration mixing. In particular, Fig. 2 shows the crossing
for the ESPEs of the 1d5/2 and 0g7/2 orbitals owing to
a strong g7/2−h11/2 proton-neutron monopole. An equally
strong g9/2−h11/2 proton-neutron monopole is also needed
to maintain a sufficiently closed 132Sn core.

In Fig. 3 the experimental B(E2) values [10,15,20] are
compared to LSSM results for an increasing number t = n

of proton np-nh excitations. The evolutions of the B(E2)
systematics presented here from the pure neutron space to
t = 4 proton excitations are very instructive: besides reflecting
the number of interacting nucleons, the t = 0 curve shows a
slight asymmetric maximum at N = 70, which is shifted to
N = 68 (t = 2) and N = 66 (t = 4) with increasing number
of ph excitations. It should be noticed that for the lightest Sn
isotopes the calculations suffer from the strong assumptions

FIG. 2. Calculated evolution of the proton ESPE with the neutron
number N along the chain of Sn isotopes.

of a N = 50 closure; thus the B(E2) values for 102−106Sn
are not fully trustworthy in our valence space. A gain of
15% in the E2 strength has been estimated for 106Sn in the
gds shell model space when both proton and neutron core
excitations are allowed. It is also interesting to note that the
untruncated 4p-4h proton core excitations (t = 4gds), with
the corresponding B(E2) values listed in the last column
of Table II, show no increase but rather a small decrease in
the B(E2) strength for the heavy Sn isotopes in comparison
to the t = 4 calculations truncated to the 0g9/2, 0g7/2, 1d5/2

orbitals, whereas for the light ones a substantial increase is
observed. For the midshell and heavy Sn isotopes the t = 4
calculations seem to overestimate the E2 strength, which

FIG. 3. Comparison of measured B(E2↑) values with LSSM
predictions by taking into account ph core excitations. The t = 0
curve corresponds to calculations only for the valence neutrons as
active particles. The t = 2 curve shows the major contribution as
given by proton core excitations. The t = 4 curves are shown for the
whole tin chain in a truncated proton model space and untruncated in
the gds major shell.
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can be ascribed to an ambiguity in the π (0g9/2)−ν(1h11/2)
monopole owing to experimental uncertainties in the 11/2−
states of N = 51 isotones. A slight increase of the monopole
contribution to the interaction would enlarge the Z = 50 shell
gap in the heavier Sn isotopes and hence reduce the B(E2)
values. These calculations demonstrate the important role of
core-polarization effects when one breaks the 100Sn core and
allows for proton excitations. Starting with the “canonical”
neutron effective charge of 0.5e, one clearly sees how the
experimental B(E2) values are reached when one allows for
more proton ph excitations. Without these excitations and
with neutrons only as degrees of freedom one would need
neutron effective charges in the range of (1−1.5)e to explain
the experimental data. A more detailed discussion of these
calculations will be presented in a forthcoming paper [22].

In conclusion, the B(E2; 0+
g.s. → 2+

1 ) value in the unstable
108Sn isotope was measured for the first time by intermediate-
energy Coulomb excitation. This is the highest Z nucleus
studied with this method. The comparison with two different

but complementary large-scale shell model calculations shows
reasonable agreement with experiment and gives insight into
the microscopic structure of the neutron E2 polarization
charge. The evolution of proton ESPEs and the Z = 50 shell
gap with increasing occupation of the N = 50−82 major shell
governs the E2 correlations related to core polarization. The
experimentally observed asymmetry can be traced back to
enhanced polarization for light Sn isotopes at t � 4 proton
ph excitations and/or to neutron core excitations across the
N = 50 shell gap. The successful B(E2) measurement on 108Sn
at GSI opens the research path to study with intermediate-
energy Coulomb excitation the lighter Sn isotopes toward
100Sn.
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produce a good-quality primary 124Xe beam and the DVEE
division at GSI for their support in data acquisition and
Go4 software. This work was supported by the BMBF under
Contract Nos. 06MZ176 and 06-K-167.
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Abstract

A novel Calorimeter Telescope (CATE) is employed in the fast beam Rare Isotope Investigations at GSI (RISING) g-campaign with

relativistic energies at the Fragment Separator (FRS) at GSI. CATE consists of nine modular Si2CsIðTlÞ detector telescopes for position
and DE � Eres measurements. It registers the scattering angle and identifies the charge (Z) and the mass (A) of exotic heavy ions
produced after secondary fragmentation or Coulomb excitation.

r 2006 Elsevier B.V. All rights reserved.

PACS: 29.40.Gx; 29.40.Mc; 29.40.Vj

Keywords: Tracking and position sensitive detectors; Scintillation detectors; Calorimeters
1. Introduction and motivation

The FRS facility [1] at GSI provides a unique
opportunity to separate a variety of relativistic heavy-ion
beams which are produced at a primary target and
transported to a final focus, where a secondary target is
located. The FRS allows an isotope separation using the
Br-DE-Br technique [1] and an identification using a
e front matter r 2006 Elsevier B.V. All rights reserved.
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system of tracking detectors (see Fig. 1) before the
secondary reaction target.
At this position the RISING [2] spectrometer is situated,

utilizing fifteen of the ex-EUROBALL [3] Ge-Cluster
detectors [4]. Within the first, ’’fast beam’’ phase, the
RISING experiments aimed at g-ray spectroscopy of
secondary isotopes, produced in nucleon knockout and
fragmentation reactions or relativistic Coulomb excitation
at the secondary target, yielding unique nuclear structure
information which cannot be obtained by other techniques.
In order to obtain information about the excited

residues, channel selection after the reaction target is
needed. Here, the energy loss ðDEÞ combined with a
residual energy ðEresÞ measurement, known as DE � Eres

method is favored for identification of the secondary
reaction products and to measure their scattering angle (for
kinematics reconstruction). Detector systems utilizing this
type of energy measurement have shown a large and simple
applicability in a wide range of experimental conditions in

www.elsevier.com/locate/nima
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Fig. 1. Schematic layout of the RISING experimental setup for the fast

beam campaign. The identification detectors consist of two Multi Wire

detectors (MW1 and MW2) for position ðx; yÞmeasurement, an Ionization

Chamber (MUSIC) for energy loss (respectively Z) measurement and two

plastic scintillators (SCI1 and SCI2) for Time-of-Flight, ToF (respectively

velocity b) measurement. The identification after the secondary target is

performed with the new Calorimeter Telescope CATE.

4PIPS is a Trademark of Canberra.
5Mylar is a Trademark of DuPont.
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many laboratories [5–12]. However, a DE � Eres detector
system has not been employed for a relativistic heavy-ion
identification so far. The present paper reports on a novel
calorimeter telescope constructed for this purpose. In order
to design such a new system, several investigations have
been performed for the selection of particle detectors for
DE and Eres measurements. Based on these experimental
studies, a new position sensitive DE � Eres Calorimeter
Telescope (CATE) [13] has been built, consisting of a Si
and a CsIðTlÞ detector arrays.

The position sensitive Si detector array measures the
particle’s ðx; yÞ position and is used for the reconstruction
of the scattering angle after the secondary target. From the
energy loss, detected in the Si ðDEÞ and CsIðTlÞ ðEresÞ

detectors, the ion charge Z and mass A are derived,
respectively. The CATE detector system has been used
within the RISING fast beam campaign for the detection
of primary and secondary heavy ions from 53V up to
132Xe in the energy range between 90 and 400AMeV
(at the detectors) with instantaneous rates between 102 and
104 pps.

2. Calorimeter Telescope—CATE

CATE is a chessboard-like array of nine DE � Eres

telescopes. Each of them comprises a position sensitive Si-
pin detector and a corresponding CsIðTlÞ detector coupled
to a photodiode [13]. It is placed 1.4 m downstream from
the secondary target (see Fig. 1) in order to have sufficient
angular coverage for impact parameter measurements in
the relativistic Coulomb excitation reactions. Thus, the
opening angles are y 2 ½�3:2; 3:2�� and f 2 ½�180; 180��.
Taking into account the solid angle coverage of the
detectors in the array (see Fig. 2(a,b)), the efficiency with
respect to the incoming particles amounts to 92%.

2.1. CATE-Si array

Two types of Si-pin detectors have been used for the
CATE-Si array. These are a Si-IPP type semiconductor
(model: IPP2D50x50� 300� SPE) [14] and a Si-PIPS4

type semiconductor (model: PF50x50� 300EB� L) [15].
They differ slightly by their thickness, and significantly, by
the resistivity of the resistive layer.
Each Si�DE counter has a size of ð50� 50Þmm2 and a

thickness of 0.30mm (for the Si-IPP) and 0.32mm (for the
Si-PIPS). A resistive carbon layer with a sheet resistance of
122 kO=cm2 (for the Si-IPP) and 425 kO=cm2 (for the Si-
PIPS) serves as a front contact. This layer is used as a
charge divider with four contact electrodes at the four
corners. By comparing the relative pulse heights, obtained
at these four electrodes, the position is calculated (see
Section 3). Each corner contact has in addition a resistor of
121:5 kO (for the Si-IPP) and 1:521:6 kO (for the Si-PIPS)
to reduce nonlinearities in the position determination as
described i.e. in Refs. [16,17]. All detectors are placed in
separate frames with size ð54� 54Þmm2 and altogether on
a motherboard, as shown in Fig. 2(a,c).
The energy, DE, deposited by the incident particle, is

measured by the back-side contact and the signal is
proportional to the total charge created. From the energy
loss in the detector (DE), the charge Z of the impinging
particle is obtained (see Section 5.1).
An a-test measurement with a 241Am source revealed the

intrinsic position resolution (Dx;Dy) of these detectors. It is
better than ð5� 5Þmm2 for the Si-IPP detectors and better
than ð3� 3Þmm2 for the Si-PIPS detectors. The intrinsic
energy resolution for 5.5MeV a-particles stopped inside the
detector is better than 1.5% (FWHM) for both Si types. In-
beam, the intrinsic energy resolution of both Si types,
acting as transmission detectors, is found to be about 2.0%
(FWHM) with primary 86Kr ions with an energy of
150AMeV and 58Ni ions with an energy of 120AMeV.

2.2. CATE-CsI(Tl) array

The CsI(Tl) array (see Fig. 2(d)) is placed about 40mm
behind the Si array in the CATE detector chamber to
yield the residual energy, Eres, of the fragments. Each
CsIðTlÞ scintillator (model: V52P25=18M � E2� Cs�
X ðSSX848Þ) [18] has a truncated pyramidal shape (see
right-bottom part of Fig. 2(d)) with a base size of
ð54� 54Þmm2, a minimal height of 10mm and a maximal
height of 25mm. In 10mm thickness all heavy ions with
ZX7 and AX14 with an energy of p100AMeV are fully
stopped [19]. For readout a photodiode with size of ð18�
18Þmm2 is attached at the smaller base, together with an
integrated appropriate preamplifier [20]. The detectors are
covered by 2mm thick Mylar,5 to protect the crystal, and to
assure good light collection. All detectors are mounted in a
very close geometry and separated in front by an Al holder
frame, which covers a spacing of 4 mm between each two
of them, thus reproducing the geometrical efficiency of the
Si array.



ARTICLE IN PRESS

Fig. 2. Schematic representation of (a) the CATE-Si array and (b) the CATE-CsIðTlÞ array; a photograph of (c) the CATE-Si array and (d) the CATE-

CsI(Tl) array. A single CsIðTlÞ detector is shown in the bottom-right corner.
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The intrinsic energy resolution of the CsIðTlÞ detectors
was found to be about 0.7% (FWHM) for both a primary
86Kr beam at an energy of 145AMeV and for a 58Ni beam
at an energy of 113AMeV.

3. Position sensitivity

The position, determined with the Si detectors gives a
measure of the scattering angle of the particles, scattered
off the RISING secondary target. The thickness of the
secondary target is usually chosen to keep the angular
straggling in the order of 10mrad, corresponding to a
position uncertainty at CATE of about 1 cm [2]. This value
is not critical, compared to the beam spot size, and still
allows suppression of the atomic background by selecting
narrow forward angles.

The position in a Si detector is determined using the
following algorithm:

x ¼
Dx

2

ðqB þ qCÞ � ðqA þ qDÞ

qA þ qB þ qC þ qD

,

y ¼
Dy

2

ðqC þ qDÞ � ðqA þ qBÞ

qA þ qB þ qC þ qD

ð1Þ
where qA, qB, qC and qD are the charges collected in the
four corners A, B, C and D in Fig. 3(a), respectively. The
used geometrical algorithm assumes that the co-ordinate
system center is in the center of the active area, whose
dimensions are Dx and Dy.
The algorithm is applied for the calculation of the two

dimensional position with both Si detector types, and does
not depend on the particle type and energy. However, due
to the difference in the sheet resistance of the Si-IPP and Si-
PIPS detectors, their performance differs as will be
illustrated in the next sections.

3.1. Performance of CATE with Si-IPP detectors

The response of the CATE-Si array on 58Ni particles
with an energy of about 120AMeV is shown in Fig. 3(b).
As can be seen, the position reconstruction does not follow
the real geometrical shape of the detectors and the spacings
between them are not as in reality. The existing non-
linearity deteriorates the position measurement, and is
known as pin cushion effect [16]. This distortion of the
position shape [17,21,22] for Si (2D-PSD) [14] detectors
strongly depends on the resistivity of the resistive sheet, the
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Fig. 3. Position determination (a) with a single Si-IPP detector; (b) initial position spectrum from the whole CATE Si-IPP array for 58Ni particles with

120AMeV; (c) schematic presentation of the ð1=Rþ constÞ approximation for the position correction of a single Si-IPP detector; (d) corrected position

spectrum of the whole CATE Si-IPP array, using the ð1=Rþ constÞ approximation.
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electrode termination resistors, the filter components of the
preamplifier and the shaping time of the amplifier. Well
developed correction methods [17,21,22] require knowledge
of electronic details and separate current flow measure-
ments not available for these detectors. Therefore, in order
to correct the position response, a new linearization
procedure has been developed.

3.2. Position corrections with Si-IPP detectors

To perform the position corrections, each detector is
treated separately. The initial amplitude distributions of the
four position signals (pins) are normalized to the back (sum)
contact (A=E, B=E, C=E and D=E) in order to be able to
disentangle the noise contributions from small amplitude
signals due to interactions at the opposite corner. These new
pin values are used for the reconstruction of the (x; y)
position, calculated via Eq. (1). To symmetrize the obtained
position shape, the normalized pin distributions are cali-
brated to each other, using a linear function, i.e. for pin A

A0 ¼ ðA=EÞ � slopeA þ offsetA. (2)

To normalize the symmetrized position shape to the real size
of the Si-IPP detector, two new linear functions are
constructed, acting in x and y directions

x00 ¼ blowx � ðx
0 þ offsetxÞ; y00 ¼ blowy � ðy

0 þ offsetyÞ.

(3)

The blowx;y factors correct for the measured position
squeezing and the offsetx;y factors correct for the measured
position offset. They are obtained from the projections on
the x and y axes.
Further, it is assumed that all particles impinging at the
same radial distance from a certain corner produce the
same pulse height at that corner. This is valid for all other
corners as well, and the position can be approximated with
circles, whose four centers are the four corners, as
demonstrated in Fig. 3(c). A simulation of the spectral
response from a pin shows that the maximum radius ðRmaxÞ

achieved is equal to the size of the detector.
In this way, the position ðx; yÞ becomes a function of the

distance to each of the corners f ðRÞ ¼ 1=ðRþ constÞ,
namely

x ¼ c1 � c2

�
ð1=RA þ c1Þ þ ð1=RD þ c1Þ

ð1=RA þ c1Þ þ ð1=RB þ c1Þ þ ð1=RC þ c1Þ þ ð1=RD þ c1Þ

y ¼ c1 � c2

�
ð1=RB þ c1Þ þ ð1=RC þ c1Þ

ð1=RA þ c1Þ þ ð1=RB þ c1Þ þ ð1=RC þ c1Þ þ ð1=RD þ c1Þ

ð4Þ

where 1=RA, 1=RB, 1=RC and 1=RD are the distances to the
corners A, B, C and D, respectively. The values of the two
constants c1 and c2, utilized in Eq. (4), were determined
empirically. The regular intensity distribution of the
corrected position matrix leads to an estimated position
uncertainty of p2mm with this simple approximation.

3.3. Performance of CATE with Si-PIPS detectors

The Si-PIPS type CATE detectors display a linear
behavior of the measured position shape as can be seen
in Fig. 4(a) for 58Cr ions with an energy of about
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Fig. 4. (a) Raw and (b) corrected position from the CATE-Si PIPS

detector array.
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120AMeV. Therefore, they do not need the correction
procedure applied for the Si-IPP type. In order to expand
the measured shape a simple calibration of the type
presented in Eq. (3) is used. The corrected position matrix
from the Si-PIPS array is plotted in Fig. 4(b).
4. The energy measurement and corrections

The energies detected in the CATE Si, DE, and CsIðTlÞ,
Eres, detectors are used for the particle identification.
Measured values are influenced by several effects: (i) the
particle position, (ii) the beam velocity, (iii) the beam rate,
(iv) the thickness of the secondary target, and (v) the
reaction mechanism. The first effect is related to the nature
of the detectors and their inhomogeneity, while the next
two are effects related to the beam. The corrections can be
done with well-defined primary beams and the intrinsic
energy resolution of the detectors can be determined. The
last two effects are typical for secondary beams. The target
thickness chosen for an experiment is usually a compromise
between the desired luminosity on one hand, and the
still acceptable angular and energy straggling, on the
other. Knock-out and fragmentation reactions are in
addition associated with uncorrectable momentum spread
(see Section 5.3). In general, the following corrections
are applied:
(i)
 The effect of the particle impact position is observed as
a centroid shift of the energies, determined by the
CATE detectors, after applying a position condition to
the Si ðx; yÞ position matrix. This matrix is sub-divided
into ð3� 3Þmm2 pixels. The correction is then done by
aligning the energy for each of the pixels with respect
to the central pixel. Thereby, the pixel correction
factors are obtained by a calibration run using a
primary beam well defined in energy, which is being
swept across the active area of the detector.
(ii)
 The second effect, which is due to the particle
momentum, is observed as a correlation between the
detected energies with CATE and the velocity b,
determined from the ToF, measured between the mid-
section and the end of the FRS (see Fig. 1).
(iii)
 The high beam intensity and its distribution also
influences the energy resolutions of the CATE
detectors. When the particle rate at the detectors
exceeds 10 kHz, an energy shift is observed in their
spectral response towards low amplitudes. This effect
is more strongly pronounced for the semiconductor
detectors compared to the scintillators due to the time
constant of their electronics.
(iv)
 The initial energy spread of the beam, observed by the
variation of ToF, is amplified in the subsequent
particle detectors and in the target. This effect is
caused by the significant energy dependence of the
energy loss in matter at around 100AMeV. It can be
corrected for, parametrizing this dependence as a
function of b.
5. The particle identification

5.1. Charge (Z) determination

The atomic number, Z, is determined, as
ffiffiffiffiffiffiffi
DE
p

� Z by
measuring the energy loss DE in the Si detectors of CATE.
It is approximated to be equal to the ion charge, q, at
relativistic energies [1].
In all in-beam studies, the detector response revealed a

unique Z identification. A typical example from secondary
reactions of 55Ni on a 9Be target at 100AMeV is depicted in
Fig. 5(a). After a linearization, which is done by geometrical
rotation around the main spot in the distribution and a
calibration to the known incoming Z, the extracted
resolution is DZ � 0.7 (FWHM) (for Z 2 ½18; 28�). The
typical spectrum in Z units can be seen in the insert of the
figure.
Another example for the heavier system 112Sn on 197Au

(see Fig. 5(b)), confirms the Z identification with resolution
of DZ � 0:8 (FWHM) (for Z 2 ½30; 50�). Thus, we conclude
that the mean Z resolution from the out-coming particle
cocktail is sufficient for the charge identification after the
secondary target.

5.2. Mass (A) determination

The mass A of an impinging ion with a total energy, Etot,
can be determined using the relation Etot � A � b2A. This
holds if a constant velocity bA ¼ const for all ions is
assumed. Combining the energy loss in the Si detectors,
DE, with the energy, deposited in the CsIðTlÞ, Eres, the total
energy of the ions Etot ¼ DE þ Eres is obtained. After an
error propagation, using the intrinsic energy resolutions of
the CATE detectors the mass resolution DA=A is expected
to be p1%. To achieve this value in the experimental data
from secondary reactions corrections for all possible
effects, described in Section 4, need to be done.

5.2.1. Coulomb excitation at the secondary target

The energy spread detected in CATE depends (i) on the
straggling effects in the isotope production, the straggling
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Fig. 5. DE � Eres identification by CATE for the products from the reactions (a) 55Ni on 9Be target and (b) 112Sn on 197Au target. Spectra in Z units are

shown in the inserts.

Fig. 6. Mass spectrum for the 53V (top), 54Cr (middle) and 55Mn (bottom)

isotopes with solid line for particle-gamma condition and with dashed line

for particle singles.
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in the FRS tracking detectors, the straggling in the
secondary target and the intrinsic resolution of the CATE
detectors themselves; and (ii) on the isotope cocktail
produced by neutron knock-out/fragmentation in the
secondary target. In relativistic Coulomb excitation reac-
tions, CATE is used to detect the same outgoing particles
which impinge on the secondary target. Therefore, the
incoming ions of interest are selected with the FRS
identification detectors and no absolute energy calibration
needs to be performed for the CATE detectors.

The mass resolution can be determined from the particle
singles or from particle-g events with very small scattering
angles corresponding to atomic interactions because only
the above mentioned ‘‘type (i)’’ effects are relevant. A
typical reaction at an energy of about 170AMeV is the
system 53V, 54Cr and 55Mn on 197Au target. The DE � Eres

identification with CATE is similar to the one depicted in
Fig. 5(b). To obtain the mass resolution in this case, a
geometrical linearization by rotation of the distribution
around the main spot is performed. After a Z selection
from the linearized DE � Eres distribution the deposited
residual energy, Eres, is projected. The ‘‘mass’’ spectra with
particle-g coincidence condition for the three isotopes 53V
(top), 54Cr (middle) and 55Mn (bottom) are plotted in
Fig. 6 with solid line. The nuclear reaction channels form in
this case a wide distribution. Selecting a particle trigger
condition pronounces the secondary beam-like residues, as
depicted in Fig. 6 with dashed line. The mass resolution of
CATE corresponds then to the width of these Coulomb
excitation channels which is determined to be between 2
and 3% (FWHM).

5.2.2. Fragmentation reactions at the secondary target

In secondary fragmentation reaction (i.e. of 55Ni
particles as shown on Fig. 5(a)) CATE is used to identify
each isotope produced in the secondary (9Be) target to
select the associated g-ray spectrum. Therefore, an absolute
calibration of the CATE detectors is performed using
primary beam with well-defined energy and a small spot
size.

5.2.3. Linearization procedure

To linearize the DE � Eres distribution, following the
formalism of Bethe [23], the power law method [24,25] is
used. Its modifications and applicability [26–28] have been
limited by the approximations made to the actual energy
loss of the particles involved. Recently, a new method to
treat the response of a DE � E telescope for charge, Z, and
mass, A, identification has been developed by Tassan-Got
[29] for the INDRA detector array [11]. With the help of
energy functionals, an interpolation or extrapolation into
regions with low statistics is allowed and have shown a
good accuracy for relativistic particles, in comparison
to identification functionals used in the past [24,26,28].
Therefore, these functionals have been preferred for the
linearization of the CATE detector energies (DE and Eres).
The mass A of the particles is calculated

A ¼
ðDE þ EÞmþ1 � ðg � EÞmþ1

lmþ1Z2

� �1=m
(5)

where the parameter g is the electronic gain ratio which
in this case is the ratio between the slope coefficients
from the energy calibration of the Si and the CsIðTlÞ
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detectors: g ¼ aDE=aEres
; the parameter m takes a typical

value for the Bethe approximation of 0.7 [26,27]; the
parameter l is taken to be the absolute value of the ratio
between the offsets from the energy calibration of the Si
and the CsIðTlÞ detectors respectively: l ¼ jbDE=bE j.

The corresponding calculation of the mass difference
DM is

DM ¼ E
p
tot � Ep

res (6)

where the optimal parameter p for this specific data set is
found to be 1.71.

A new function for the particle identification, PIdynamic,
is constructed, including the Z dependence of DM. The last
is calculated for the observed charges 19pZp28 and fitted
with a second order polynomial. In this way the particle
identification function is calculated using

PIdynamic ¼ ðZðDMÞ þ w � A� 2 � ZðDMÞÞ=k (7)

where the optimal value of the parameter w is found to be
w ¼ 0.4 and k is a scaling coefficient. The identification of
the different particles in terms of Z and A is then given by
the correlation of the particle identification, PIdynamic, as a
function of the total energy, Etot, deposited in the CATE
detectors. The mass analysis is performed by selecting one
of the parallel Z distributions from PIdynamic and projecting
it onto the total energy axis.

5.3. Mass resolution and comparison with simulations

One of the available ion-optical Monte Carlo simulation
programs LISE [30] allows not only the calculation of the
transmitted ions trough the FRS and its particle detectors
but also precise energy loss calculations and realistic
distributions. A comparison between a simulation using
the LISE code [30] (see Fig. 7(a)) and the experimental data
(see Fig. 7(b)) for the reaction 55Ni on 9Be target,
demonstrates a good agreement. First review on this
subject has been published in Ref. [31]. Contrary to the
good charge identification, unique mass identification is
not achieved. This is mainly caused by the reaction
mechanism, leading to a broad momentum distribution
which can not be corrected as the other effects described in
Section 4. It has been explained by Goldhaber [32] as
particle momentum widening due to the abrasion of
Fig. 7. Comparison between (a) a simulation and (b) the
nucleons, which leads a spread of the momentum or,
respectively, the velocity of the final fragment. Therefore,
the assumption of constant velocity for all secondary ion
species does not hold. Consequently, without a time-of-
flight measurement after the secondary target, the possible
mass resolution is typically 2–3% (FWHM) at energies of
about 100AMeV.
A theoretical calculation of the single mass distributions,

using the LISE code [30] was performed in order to
compare and identify the experimental Etot distribution,
after an absolute energy calibration and linearization (see
Section 5.2.3) [31]. As an illustration, the Etot spectrum for
Z ¼ 24 isotopes is presented on Fig. 8(a) with multiple fit
and deconvolution to single distributions (with reduced
w2p15; w2 ¼ w2=n, where n is the number of degrees of
freedom). The identification is performed by comparison of
the energy centroids with the simulated single mass
distributions. The experimental mass resolution is about
2–3% (FWHM).

5.4. Reaction channel selection by CATE

In Fig. 8(a) mass distributions for 49Cr and 50Cr are
marked. In order to construct a particle-g correlation, the
particle-g angle is calculated from particle angle after the
secondary target, measured by CATE, and the g-ray angle
defined by the Ge detectors. This angle is used for the
Doppler correction, applied to the measured, calibrated
energy of all Ge detectors. The velocity of each isotope
after the secondary target is calculated from the measured
ToF and the energy losses in the experimental set-up. This
velocity is normalized to the velocity, for each particular
isotope, deduced after corrections from the total energy
measured by the CATE detectors. Here these are the
energy centroids of the mass distributions for 49Cr and 50Cr
isotopes. The g-spectra corresponding to these isotopes are
obtained using particle tracking before and after the
secondary target, from the calibrated and Doppler
corrected Ge detector energies. Typically, additional
conditions are applied to the time and multiplicity spectra
of the Ge detectors. The channel selection by a CATE
telescope is performed by selection of a single charge, Z,
from the PIdynamicðEtotÞ identification and a single mass, A,
from the projection to the Etot axis (as demonstrated in the
experimental data for the reaction 55Ni on 9Be target.
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Fig. 8. Measured (a) total energy spectrum (Etot) for the
49Cr (thick solid line) and 50Cr (dash-dotted line) isotopes, produced in the reaction 55Ni on 9Be

target. Measured (b) g-spectra for the 49Cr (top) and 50Cr (bottom) isotopes [33].
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figure). This is done because, as explained in Section 5.2.3,
the PIdynamicðEtotÞ distribution is constructed so that it
corresponds to the identification ZðAÞ. The observed
g-lines for 49Cr are shown in Fig. 8(b) (top) and for 50Cr
in Fig. 8(b) (bottom). The observed g-rays correspond to
known transitions in these nuclei [33]. Their energies are
indicated in Fig. 8(b). These lines can not be seen when
applying only Z selection from CATE, which proves the
importance of both Z and A identification after
the RISING secondary target. The unidentified lines in
the spectra originate from higher excited states and from
remaining background in the Ge detectors.

6. Summary

With the newly developed DE � Eres telescope, CATE,
charge and mass identification of relativistic heavy ions at
energies X100AMeV can be performed. The system has a
good position resolution ðDx;DyÞ � ð3� 3Þmm2 for scat-
tering angle reconstruction, a unique charge resolution DZ

of 0:7 (FWHM) (for Z 2 ½18; 28�) and 0:8 (FWHM) (for
Z 2 ½30; 50�) and a mass resolution of 1–3% (FWHM),
limited by the target thickness for Coulomb excitation
events, and 2–3% (FWHM) for fragmentation channels,
further limited by the momentum broadening in the
reaction. With an additional time-of-flight measurement
of the outgoing particles the mass resolution for fragments
could be improved to about 1% (FWHM).
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The RISING fast beam campaign aims at high resolution γ-ray spectroscopy experi-
ments with relativistic radioactive beams at GSI. The secondary beams produced by
fragmentation or fission are used for Coulomb excitation or secondary fragmentation
experiments to perform studies of nuclei far off stability. The physics phenomena stud-
ied with this method include nuclear structure experiments targeting at the evolution
of shell structure toward the drip lines, mirror symmetry, collectivity and electromag-
netic transition strengths. Example results of this fast beam campaign are presented and
compared to various shell model calculations and nuclear structure models.

1. Introduction

The RISING (Rare ISotope INvestigations at GSI) setup for in-beam experiments

at relativistic energies consists of the fragment separator FRS and a highly e�-

cient -detector array at the �nal focus of the FRS, composed of EUROBALL

Ge-Cluster detectors, MINIBALL Ge-detectors and BaF2 detectors from the HEC-

TOR array.1–4 The investigated nuclei are produced via fragmentation reactions or

�ssion of relativistic heavy ions. In the in-beam campaign fast beams in the range of

100 to 300 A �MeV were used for Coulomb Excitation and two-step fragmentation

experiments.

The following topics were covered in the nuclear structure experiments per-

formed within the RISING fast beam campaign:

(i) shell structure and its modi�cations in nuclei far o� stability,

(ii) isospin symmetry along the N = Z line,

(iii) shapes and shape coexistence,

(iv) collective modes and E1 strength distributions.

1495
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1.1. Monopole driven shell structure

The monopole part of the residual interaction controls the propagation of single

particle energies with increasing occupation of a major shell.5 It causes the change

in shell structure for very neutron-rich nuclei along the N = 8, 20 and 28 isotonic

sequences, which is due to the (σσ)(ττ) term of the residual interaction, where σ

and τ indicate the spin and isospin operators. This term is strongly binding for

proton-neutron, spin-ip and spin-orbit partners and leads to a change of harmonic

oscillator shell closures with magic numbers N
m

= 8, 20 to N
m
−2×N = 6, 16(14),

N being the harmonic oscillator main quantum number.6,7 For the weak N = 40

harmonic oscillator case it should �nd its continuation in a N = 32, 34 subshell

closure.7 The monopole driven shell evolution far o� stability is expected to be

of isospin symmetric nature, which may be studied in N = 20 isotones and their

Z = 20 mirror nuclei.

The RISING experiment gives access to excitation energies E
2
+

1

of Iπ = 2+
1

states and B(E2; 2+

1 → 0+) values and can be used as signatures for shell structure.

Two type of experiments were performed: First, a Coulomb excitation experiment

of the neutron rich 54,56,58Cr, which are located at a key point on the pathway

from the N = 40 subshell closure across a deformed region to spherical nuclei at

N = 28, second, a two step fragmentation experiment to investigate the mirror

energy di�erence, de�ned as ∆E
M

= E
x
(I, T

z
= −T ) − E

x
(I, T

z
= +T ), between

36Ca and 36S.

1.2. Deformed nuclear shapes between closed shells

The A � 130 region shows evidence of stable triaxial shapes.8 There are also

some indications in this transitional region for chiral doublet structures in odd-

odd N = 75 isotones.9 The N = 74 even-even nuclei 132Ba, 134Ce and 136Nd are

the core nuclei of 132La, 134Pr and 136Pm and therefore the collective properties of

these nuclei are of great interest and good candidates to search for signs of triax-

ial deformation. Relativistic Coulomb excitation experiments where performed in
134Ce and 136Nd.

2. Experimental Details

The SIS facility at GSI provides primary beams of all stable nuclei up to 238U

with a projectile energy up to 1 A � GeV and intensities up to 109/s are available.

These beams are incident upon a 9Be target at the entrance of the FRS. The

fragments of interest are selected with the B�-∆E-B� method by placing a wedge-

shaped aluminum degrader at the middle focal plane of the FRS, optimizing the

secondary beam at the �nal focus. The particles are identi�ed in-ight on an event-

by-event basis using their magnetic rigidity B�, their time of ight between the two

scintillation detectors SCI1 and SCI2, see Fig. 1, and their energy loss in the multi

sampling ionization chamber MUSIC.
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Fig. 1. Schematic layout of the RISING setup at the FRS. See text for details.

At the �nal focus of the FRS, a reaction target is placed. For Coulomb excita-

tion experiments a 197Au target of 0.4 to 2.0 g/cm2 thickness is used, while two

step fragmentation experiments are carried out with a 0.7 g/cm2 9Be target. The

reaction products are selected using the calorimeter telescope array CATE, con-

sisting of 3 × 3 Si-CsI(Tl) modular ∆E-E telescopes 1400 mm downstream of the

target.10 The energy loss in the Si detectors provides a good charge resolution for

unambiguous Z identi�cation after the secondary target. Due to the parallel mo-

mentum distribution in fragmentation processes, the total energy measurement of

the fragments is insu�cient to completely distinguish masses. The position sensi-

tive CATE Si detectors and a single equal type Si detector placed directly after the

target serve as tracking detectors for a proper Doppler correction. In the case of

Coulomb excitation, unwanted nuclear contributions can be excluded by selecting

scattering angles corresponding to su�ciently large impact parameters for which

the multiwire detectors MW1 and MW2 upstream the target are needed.

In order to measure -rays emitted by excited states, the target area is sur-

rounded by numerous detectors:

(i) 15 Cluster Ge-detectors, positioned in three rings at extreme forward angles,

(ii) seven six-fold segmented MINIBALL triple Ge-detectors, arranged in two rings

with central angles of 45◦ and 85◦,

(iii) the HECTOR array, consisting of eight large volume BaF2 detectors, situated

at angles of 85◦ and 142◦.

The fragmentation technique at relativistic beam energies allows for in-beam

spectroscopy of �-unstable nuclei far from stability with very thick targets, partially

counterbalancing the low beam intensities. However, the beam slows down in the

secondary target, which consequently causes a velocity distribution of the projectile
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at the time of photon emission, depending on the target thickness and the lifetime

of the excited state. Accordingly, the spread in secondary beam velocity and the

opening angle of the -detectors e�ect the -ray energy resolution after Doppler-

correction.1

3. Mirror Symmetry in A = 36, T = 2 Nuclei

The new N, Z = 14(16) shell stabilization and the N = 20 shell quenching in 32Mg20

are expected to be dominated by the monopole part of the two-body interaction.

Moreover, the scenario is anticipated to be symmetric with respect to the isospin

projection T
z

and may not or little e�ected by neutron binding energy di�erences.6,7

The ideal site in the Segr�e chart where this can be veri�ed is the N = 20 mirror

region along the light Ca (Z = 20) isotopes. The lightest Ca isotope with detailed

spectroscopy is 38Ca, while no excited states are known for the N = 16 isotope,

thus the mirror nucleus of the doubly magic 36S is of high interest.

Recently, the Coulomb energy di�erence of isobaric analog states and especially

the mirror energy di�erence in T
z

= ±T pairs of nuclei have been extensively

studied.11,12 In connection with precise large-scale shell model calculations they

have proved to be a sensitive spectroscopic probe to investigate orbital radii in

excited states and reduced overlap of identical proton and neutron orbitals at the

driplines.13 Experimental information can be deduced from the ∆E
M

measurement

between 36Ca and 36S.

The two step fragmentation technique of a stable 40Ca and an intermediate 37Ca

beam was used to populate excited states in 36Ca. In Fig. 2 Doppler corrected -ray

spectra of 36Ca are shown for the MINIBALL, Cluster and HECTOR detectors. The

energy of the 2+
1 → 0+ transition has been determined to be 3015(16) keV from the

two Ge-detector arrays, resulting in ∆E
M

= −276(16) keV for the A = 36, T = 2

mirror pair. Surprisingly, this new value is signi�cantly larger than mirror energy

di�erences observed in the sd shell for T = 1 states and predominantly single-j

T = 1 valence states in the pf shell.14 Other known T = 2 mirrors in the sd shell,

A = 24 and 32, also exhibit much smaller mirror energy di�erences of −102(11) keV

and −117(12) keV, respectively.15,16 A comparable mirror energy di�erence can be

found in the p shell for the A = 14, T = 1 nuclei with ∆E
M

= −422(10) keV for

their 2+

1 → 0+ transition.14 Though in general the T = 2 mirror energy di�erences

are larger than the T = 1 values, which may be due to the proton-rich partner lying

closer to the dripline, the unique A = 36 and A = 14 cases are obvious.

In a �rst systematic attempt based on the isospin symmetric interaction USD,

mirror energy di�erences in the sd shell were calculated for astrophysical application

to the rp-process, but do not reproduce the experimental value of the A = 36,

T = 2 mirror pair by a large margin.17,18 In a preliminary approach we have used

the experimental single particle energies from the A = 17, T = 1/2 mirrors and

applied on a modi�ed USD interaction.19 Monopole corrections were applied to

reproduce the Z, N = 14, 16 shell gaps, the Iπ = 2+
1 excitation energies and the
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Fig. 2. Doppler corrected 36Ca gated γ-ray spectra measured with the MINIBALL, Cluster and
HECTOR detectors. For the HECTOR array the background was subtracted.

Table 1. Comparison of shell model calculation with experimental values
for 36Ca and 36S.

E
2
+
1

[keV] π-gap [MeV] ν-gap [MeV]

Nucleus Exp.a SMb Exp. SM Exp. SM

36Ca 3015(16)c 3290 4.55(30) 4.16(9) 3.999
36S 3290.9(3) 3558 4.524(2)d 4.244 5.585

aFrom Ref. 14.
bShell model calculation, see text for details.
cThis work.
dCoulomb Corrected.

40Ca single hole energies. The results are shown in Table 1 for 36Ca and 36S and

yield a value of ∆E
M

= −268 keV, in agreement with the experimental result.

Isospin symmetry is preserved in the interaction two-body matrix elements but

not in the single particle energies used, indicating that the experimental single
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particle energies account empirically for the one-body part of Thomas-Ehrman

and/or Coulomb e�ects.20,21

4. The Subshell Closure at N = 32,34 Coulomb Excitation of
54,56,58Cr

The neutron-rich Cr isotopes are located at a key point on the pathway from the

N = 40 subshell closure via a deformed region to spherical nuclei at N = 28.

Experimentally, possible subshell closures may develop at N = 32, 34 in neutron

rich Ca isotopes as indicated by a rise in the 2+
1 energy of 52Ca.22 The Ti and Cr

isotopes exhibit a maximum of those energies at N = 32, while the Ni isotopes

show constant values.14,23,24

Besides the 2+
1 energies, B(E2; 2+

1 → 0+) values provide crucial information

to test the evolution of subshell structures. Three experiments were performed

to measure the Coulomb excitation of 54Cr, 56Cr and 58Cr, where the known
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Fig. 3. Experimental B(E2; 2+

1
→ 0+) values and 2+

1
energies of neutron rich Ca, Ti and Cr

isotopes in comparison to different shell model calculations.
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B(E2; 2+

1 → 0+) value in 54Cr served as normalization and reference for possi-

ble systematic errors in the analysis. Details of the experiment are given in the

publication by A. B�urger et al.25 The obtained Doppler corrected Cr spectra yield

values of 8.7(3.0) W.u. for 56Cr and 14.8(4.2) W.u. for 58C. The results of this

experiment are shown in Fig. 3 together with the experimental B(E2; 2+

1 → 0+)

and 2+

1 systematics of the Ti and Cr isotopes in comparison to various shell model

calculations (KB3G, GXPF1, GXPF1A).25,26–28

The local peak in the N = 32 2+
1 energies is con�rmed by a minimum of

the B(E2; 2+
1 → 0+) values in the present experiment and a recent result for Ti

isotopes.26 For N = 34, however, the gap is developed in Cr and Ti which leaves
54,56Ca as the crucial experimental probes. The shell model calculations reproduce

the variation in the 2+
1 energies. However, the B(E2; 2+

1 → 0+) values are virtually

unchanged in the di�erent approaches and almost constant from N = 30 to 34.

5. Triaxiality in 134Ce and 136Nd

As nuclear properties are investigated from closed shells toward the mid-shell re-

gions, a transition from spherical to deformed shapes takes place in the mass

A � 130 region. Since the origin of the deformation is mainly of quadrupole nature

and the shape is connected with the collective motion of the nucleons, this inu-

ences the nature of low lying 2+ states. The properties of these 2+ states can be

related to quadrupole triaxiality. However, the shape may not be well de�ned due

to surface vibrations, resulting in a -soft con�guration. To gain information on the

nuclear shape of 134Ce and 136Nd, two nuclei which are candidates for being cores

of chiral twin bands, relativistic Coulomb excitation experiments were performed.

Here, not only the �rst 2+

1 but also the second 2+

2 state was observed for the �rst

time after relativistic Coulomb excitation.

Detailed information on the experiment will be given in an upcoming paper.29

The results of this experiment, given in Table 2 and Fig. 4, can be compared with

a nuclear model, namely the asymmetric rotor model for a rigid triaxial nucleus.30

The model can be extended to account for intrinsic vibrations of the nuclear sur-

face, introducing an additional parameter µ which speci�es the deformability of

the surface in this soft asymmetric rotor model.31 Details of this comparison are

discussed by T. Saito et al.29

Table 2. B(E2) values of 132Ba, 134Ce and 136Nd depopulating
the 2+

1
and 2+

2
states.

132Ba 134Ce 136Nd
Transition B(E2) [W.u.] B(E2) [W.u.] B(E2) [W.u.]

2+

1
→ 0+ 42(4)a 52(5)a 80(11)

2+

2
→ 0+ 3.9(4)a ≤ 11 11(3)

2+

2
→ 2+

1
144(14)a ≤ 140 182(93)

aFrom Ref. 14.
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Fig. 4. Doppler corrected γ-ray spectra for 134Ce and 136Nd.

6. Summary

The shown results demonstrate the feasibility of high resolution -ray spectroscopy

at relativistic energies utilizing the two-step fragmentation or Coulomb excitation

technique with RISING. The ability of the SIS facility to accelerate all stable nuclei

to several hundred MeV and the ensuing selection of fragmentation or �ssion prod-

ucts enables the study of interesting nuclear phenomena arising in regions far away

from the valley of stability.
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Abstract. The Rare Isotope Spectroscopic INvestigation at GSI (RISING) project is a major pan-
European collaboration. Its physics aims are the studies ofexotic nuclear matter with abnormal
proton-to-neutron ratios compared with naturally occurring isotopes. RISING combines the FRag-
ment Separator (FRS) which allows relativistic energies and projectile fragmentation reactions with
EUROBALL Ge Cluster detectors forγ spectroscopic research. The RISING setup can be used in
two different configurations. Either the nuclei of interestare investigated after being stopped or the
heavy ions hit a secondary target at relativistic energies and the thereby occurring excitations are
studied. For the latter case, MINIBALL Ge detectors and the HECTOR array are used in addition.
Example achievements of the Fast Beam setup are presented and compared to various shell model
calculations, while for the Stopped Beam setup initial results are shown.

Keywords: Gamma-ray spectroscopy; nuclear structure; excitation probabilities; nuclear isomers
PACS: 21.60.Cs; 23.20.Lv; 25.70.Mn

INTRODUCTION

One of the key issues in current nuclear structure physics research is the exploration of
nuclei far away from the line ofβ -stability. This has led to the development of different
techniques that permit the study of specific radioactive nuclei. In the case of projectile
fragmentation or relativistic fission heavy ion beams are accelerated to an energy of up
to 1 A GeV and then strike a thick target. Since this produces a vastnumber of different
nuclei, the fragments of interest must be selected using their magnetic rigidity after the
target, which is done at the FRS at GSI [1]. Here, two pairs of dipoles are used in the
so called Bρ-∆E-Bρ mode by placing a wedge-shaped aluminum degrader at the central
focal plane of the FRS and setting the second pair of dipoles according to the energy loss
of the sought-after fragments. The ions passing from the intermediate to the final focus
of the FRS are identified on an event-by-event basis using their magnetic rigidity Bρ,
their time of flight between two scintillation detectors, and their energy loss in a multi
sampling ionization chamber.

RISING SETUP

When the heavy ions reach the final focus of the FRS, they can hit asecondary target,
which enables the study of Coulomb excitation at relativistic energies or fragmentation
processes towards even more exotic nuclei. Alternatively,they are implanted into a
passive stopper followed byγ ray measurements of decays of isomeric states produced
by the fragmentation or fission process in the primary target. This paper reports on initial
and selected results of these two major RISING setups, the former being the Fast Beam
setup [2], the latter being the Stopped Beam setup [3–5].

The Fast Beam Setup

In the Fast Beam setup relativistic Coulomb excitation and two-step fragmentation
experiments were performed with energies in the range of 100to 600A MeV. A 197Au
reaction target with thicknesses from 0.4 to 2.0 g/cm2 was used in the case of Coulomb



excitation, while two-step fragmentation experiments were carried out with a 0.7 g/cm2
9Be target. The resulting reaction products were identified with respect to their charge
and mass with the calorimeter telescope array CATE [6], consisting of 3× 3 Si-CsI(Tl)
modular∆E-E telescopes mounted 1400 mm downstream of the target. Forthe proper
Doppler correction, the position sensitive CATE Si detectors and an identical Si detector
placed directly after the target served as tracking detectors. In the case of Coulomb
excitation, unwanted nuclear contributions could be excluded by selecting sufficiently
large impact parameters. This impact parameter could be obtained by tracking the
heavy ions with position sensitive multiwire detectors upstream the target and the afore
mentioned Si detectors.

FIGURE 1. Drawing of theγ ray detector setup during the Fast Beam campaign. See text for details.

In order to measureγ rays emitted by excited states, the target area was surrounded
by numerous detectors, as shown in Fig. 1: (i) 15 Cluster Ge detectors [7], positioned
in three rings at extreme forward angles of 16◦, 33◦, and 36◦ at distances of 700 to
1400 mm, (ii) eight six-fold segmented MINIBALL triple Ge detectors [8] at distances
of 200 to 400 mm, arranged in two rings with central angles of 51◦ and 85◦, (iii) the
HECTOR array [9, 10] at a distance of 300 mm, consisting of eight large volume BaF2
detectors, situated at angles of 85◦ and 142◦. In its least distance configuration, the
efficiency for aγ ray of 1332 keV emitted from heavy ions at 100A MeV was simulated
to be 1.7% for the Cluster detectors, 3.8% for MINIBALL and 1.7% for HECTOR, not
including add-back events.

The Stopped Beam Setup

The Stopped Beam setup can be used in two configurations to measure γ rays:
Isomeric states produced in the fragmentation process are implanted into a passive
stopper or heavy ions are implanted into an activeβ -sensitive stopper, thus enabling
the search for excited states of exotic nuclei followingβ -decay. In contrast to the Fast
Beam setup, a second degrader of variable thickness was put atthe final focus of the
FRS. This allowed the energy loss of the heavy ions to be tuned in such a way that the
stopper could be kept at a moderate thickness.

The fifteen Ge Cluster detectors surrounding the stopper in the Stopped Beam setup
are shown in Fig. 2. The Cluster detectors were placed in threerings of five detectors
at angles of 51◦, 90◦, and 129◦ relative to the beam axis at a distance of approximately



FIGURE 2. Drawing of theγ ray detector setup during the Stopped Beam campaign. See text for details.

22 cm from the center of the final focal plane of the FRS. The photopeakγ ray efficiency
of the Stopped Beam Ge detector setup was measured to be 9(1)% at 1332 keV, not
including add-back events [5]. Due to the high granularity of the Ge detector array of 105
crystals in total, a higher loss of efficiency was avoided after the promptγ flash that was
produced in the stopping process of the heavy ions. In order to identify the metastable
states after the implantation, eachγ ray was time stamped using a 40 MHz clock, which
was part of the DGF4 timing and energy signal processing [11]. For both short-lived
isomers and redundancy a conventional timing branch was installed in parallel and
digitized with a short-range (t ≤ 1.0 µs) and a long-ranget ≤ 0.8 ms VME TDC. This
enabled the measurement of decays from isomeric states withhalf-lives in the region
between several tens of ns up to 1 ms.

SELECTED EXPERIMENTAL RESULTS

Monopole Driven Shell Structure

During the Fast Beam campaign one of the key interests was the investigation of
the monopole driven shell structure. This monopole part of the residual interaction
controls the propagation of single particle energies with increasing occupation of a
major shell. It causes a change of oscillator shell closureswith magic numbers for very
neutron rich nuclei ofN = 8,20 towardsN−2×NHO = 6,16(14) [12, 13].NHO is the
harmonic oscillator main quantum number . The weakN = 40 harmonic oscillator case
should shift to aN = 32,34 subshell closure, where the ambiguity forNHO > 1 stems
from the presence ofj = 1/2 orbits which strongly mix with the neighboring higher-
spin orbitals [13]. The monopole residual interaction is also expected to be of isospin
symmetric nature, hence its effects can be studied by comparing the nuclear structure of
theN = 20 isotones below40Ca with theirZ = 20 mirror nuclei.

The RISING Fast Beam setup gives access to excitation energiesE2+
1

of Iπ = 2+
1

and B(E2;2+
1 → 0+) values that can both be used as signatures for shell structure.

Two type of experiments were performed: A Coulomb excitationexperiment of the
neutron rich54,56,58Cr, which are located in between theN = 40 subshell closure across
a deformed region to spherical nuclei atN = 28, second, and a two-step fragmentation



experiment to investigate the mirror energy difference, defined as∆ EM = Ex(I ,Tz =
−T) − Ex(I ,Tz = +T), between36Ca and36S.

The Subshell Closure at N= 32,34— Coulomb Excitation of54,56,58Cr

Experimentally, possible subshell closures may develop atN = 32,34 in neutron rich
Ca (Z = 20) isotopes as indicated by a rise in the 2+

1 energy of52Ca [14]. The Ti and Cr
(Z = 22,24) isotopes exhibit a maximum of those energies atN = 32 [15–17].

Besides the 2+1 energies,B(E2;2+
1 → 0+) values provide crucial information to test

the evolution of subshell structures. Therefore, three experiments were performed to
measure the Coulomb excitation of54Cr, 56Cr and58Cr, where the knownB(E2;2+

1 →

0+) value in54Cr served as normalization and reference for possible systematic errors
in the analysis.

A primary beam of86Kr with an energy of 480A MeV was incident on a 2.5 g/cm2
9Be target. Out of the fragmentation products, the Cr isotopes were selected and incident
on a 1.0 g/cm2 197Au target at energies of around 136A MeV. More details of the
experiment are given in Ref. [18]. The obtained Doppler corrected Cr spectra yield
values of 8.7(30) W.u. for56Cr and 14.8(42) W.u. for58Cr. These results are shown
in Fig. 3 together with the experimentalB(E2;2+

1 → 0+) and 2+1 systematics of the
Ti and Cr isotopes and are compared to shell model calculations (KB3G, GXPF1,
GXPF1A) [19–21].

The local peak in theN = 32 2+
1 energies is confirmed by a minimum of the

B(E2;2+
1 → 0+) values in the present experiment and a recent result for Ti isotopes [19].

For N = 34, however, the gap is not developed in Cr and Ti which leaves54,56Ca as
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FIGURE 3. Experimental 2+1 energies andB(E2;2+
1 → 0+) values of neutron rich Ca, Ti and Cr

isotopes in comparison to different shell model calculations.



the crucial experimental probes. The shell model calculations reproduce the variation
in the 2+1 energies but fail to reproduce theB(E2;2+

1 → 0+) values which stay almost
unchanged in the different approaches fromN = 30 to 34.

Mirror Symmetry in A= 36, T = 2 Nuclei

Going along theN = 20 isotones south of40Ca, the shell stabilization of36S, 34Si
and the shell quenching in32Mg are expected to be caused by the monopole part of the
two-body interaction. This scenario is anticipated to be symmetric in isospin and may
not or little affected by neutron binding energy differences [12, 13]. It can be verified in
the N = 20 mirror region along the light Ca (Z = 20) isotopes. From the Ca isotopes,
detailed spectroscopy exists only for38Ca [22], while no excited states are known for
theN = 16 isotope, thus the mirror nucleus of36S is of high interest.

Energy [keV]
2000 2500 3000 3500 4000

C
ou

nt
s 

/ 8
0 

ke
V

0

10

20

30

40

30
20

HECTOR

Energy [keV]
2000 2500 3000 3500 4000

C
ou

nt
s 

/ 4
0 

ke
V

5

10

15

20

25

30
14

Cluster

Energy [keV]
2000 2500 3000 3500 4000

C
ou

nt
s 

/ 4
0 

ke
V

5

10

15

20

25

30

30
17

MINIBALL

FIGURE 4. Doppler corrected36Ca gatedγ ray spectra measured with the Cluster, MINIBALL and
HECTOR detectors. For the HECTOR array the background was subtracted.

A beam of40Ca at an energy of 420A MeV was bombarded on a 4.0 g/cm2 9Be target.
As a secondary beam37Ca was selected and incident on a 0.7 g/cm2 9Be secondary
target to populate excited states in36Ca. In Fig. 4 Doppler correctedγ ray spectra of
36Ca are shown for the MINIBALL, Cluster and HECTOR detectors. Theenergy of
the 2+1 → 0+ transition was determined to 3015(16) keV, yielding a valueof ∆EM =
–276(16) keV for theA = 36, T = 2 mirror pair. This value is significantly larger than
mirror energy differences observed forT = 1 states in thesd and p f shell [15]. Other
knownT = 2 mirrors in thesd shell,A = 24 and 32, also exhibit much smaller mirror
energy differences of –102(11) keV and –117(12) keV, respectively [23, 24].

In our approach to understand the large∆EM, we have used the experimental single-
particle energies from theA = 17, T = 1/2 mirrors and applied these onto a modified
isospin symmetric USD interaction [25, 26] in a shell model calculation. Monopole
corrections were applied to reproduce theZ,N = 14,16 shell gaps, theIπ = 2+

1 excitation
energies and the40Ca single hole energies. The results of this calculation are shown
in Table 1 for36Ca and36S, yielding a value of∆EM = –268 keV. This is in close
agreement to the experimental result and shows that the experimental single-particle
energies may account empirically for the one-body part of Thomas-Ehrman and/or
Coulomb effects [27, 28], since the isospin symmetry is preserved in the interactions’
two-body matrix elements but not in the single-particle energies used.



TABLE 1. Comparison of shell model calculation with experi-
mental values for36Ca and36S.

E2+
1

[keV] π-gap [MeV] ν-gap [MeV]

Exp.∗ SM† Exp. SM Exp. SM

36Ca 3015(16)∗∗ 3290 4.55(30) 4.16(9) 3.999
36S 3290.9(3) 3558 4.524(2)‡ 4.244 5.585

∗ From Ref. [15].
† Shell model calculation, see text for details.
∗∗ This work.
‡ Coulomb Corrected.

First Results from the Stopped Beam Setup

The Stopped Beam campaign started with the investigation of heavy odd-oddN = Z
nuclei along the proton drip-line [3]. It was followed by isomeric decay studies in
the region of the doubly magic56Ni, 132Sn and208Pb [29, 30]. We will focus on
the results of54Ni, produced after the fragmentation of a58Ni primary beam, which
demonstrate nicely the excellent possibilities of combining the FRS with the RISING
γ ray spectrometer in its Stopped Beam configuration.
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FIGURE 5. 54Ni gated two-dimensional matrices ofγ energy versus time after implantation.

After the identification of54Ni reaching the final focal plane with the FRS detectors,
a correlation matrix between theγ energy and the time after the implantation can be
generated. Two examples are shown in Fig. 5. On the left hand,a more general view
provides an indication of the so-called prompt flash (vertical line), which marks the
implantation timet = 0, as well as horizontal lines arising from, for example, room
background or (n,γ) reactions in the Ge detectors. But more than that, also distinct
and as a function of time fading horizontal lines are visible, indicating decays from
isomeric states. Some of these are highlighted on the right hand side of Fig. 5, which
zooms into the energy-time region of interest for54Ni. By setting cuts on distinct times
after the implantation and comparing the intensities, information on the half-lives of
the isomers can be obtained. Moreover, provided that the spectra are rich enough in
statistics,γγ coincidence measurements can help to examine the level structure. This is
done in Fig. 6 where in the upper background subtracted spectrum a simple projection
of the two-dimensional panel is shown for the time range 0.05µs ≤ t ≤ 1.0 µs. In



this spectrum six discreteγ transitions at 146, 451, 1227, 1327, 1392, and 3241 keV
are visible and all have a lifetime ofτ ∼ 220 ns. In the lower panel, however, gates
on the already established 6+

→ 4+
→ 2+

→ 0+ cascade [31–33] are set at energies
of 451, 1227, and 1392 keV. Since the lines observed at 146 and3241 keV are clearly
in coincidence with the cascade, they are suggested to be the10+

→ 8+ and 8+ → 6+

transitions [34], what also follows from the known mirror isomer 54Fe [15]. Even a
weak line at 3386 keV is visible, which can be associated to the small 10+ → 6+ E4
branch. The most surprising result is, however, that none ofthe observedγ rays comes
in coincidence with the 1327 keV line, which is seen only in the singles spectrum. Since
it has the same energy as the 9/2−→ 7/2− ground state transition in53Co, it is suggested
that this 9/2− state in53Co can be populated via a direct proton decay (Qp ∼ 1.3 MeV)
from the isomeric state in54Ni [34].
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FIGURE 6. The upper panel (a) shows the background subtracted energy projection of the two-
dimensional matrix of54Ni for the range 0.05µs≤ t ≤ 1.0µs. In the lower panel (b), theγγ coincidence
with one of the transitions at 451, 1227, and 1392 keV demonstrates the correlation to other observed
lines.

SUMMARY

The shown exemplary results demonstrate the possibilitiesof high resolutionγ ray
spectroscopy at relativistic energies utilizing the two-step fragmentation or Coulomb
excitation technique with RISING, as has been shown for the results of54,56,58Cr and
36Ca. A wealth of other interesting results have been obtained for example in relativistic
Coulomb excitation of108,112Sn, 134Ce, and136Nd [35, 36]. For the Stopped Beam
campaign, a wide range of nuclei have been populated in isomeric states following
fragmentation and fission: For example the long sought-after 82Nb, 86Tc, 130Cd, and
204Pt [29, 30, 37, 38]. Here,54Ni was chosen to illustrate the large capabilities of a
highly efficientγ ray spectrometer used in combination with the FRS. In the future, a
series of active stopper experiments is foreseen to performβ -delayedγ ray spectroscopy.
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Abstract

A crucial issue in many complex experiments is the flexibility and ease of the online data analysis. Here we present an easy-to-learn and
intuitive-to-operate method of interactive online analysis for use in projectile fragmentation induced gamma-ray spectroscopy experiments at the
GSI facility (the RISING experiments). With a sequence of dialogue boxes the experimenter can create a complex definition, which will produce
a conditional spectrum. These definitions can be immediately applied by the online analysis, which runs in parallel as a separate program. Some
problems regarding the logic of gating conditions are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During in-beam nuclear physics experiments, which require
complicated apparatus, one of the crucial issues is the quality
of the online data analysis. High quality online analysis allows
the right decisions to be made about possible changes to the
settings of the running experiments. The RISING [1] experi-
ments use the cluster detectors from the former EUROBALL IV
germanium-detector array [2]. Although RISING is similarly a
γ -ray spectroscopy apparatus, there is a fundamental difference
in the online analysis used by these two instruments. In the case
of EUROBALL (installed at the beam line from the VIVITRON
accelerator) the experimenter was sure what kind of projec-
tile (i.e. the ‘beam’) was hitting the target. This is different
for the RISING experiments. RISING receives the beam from
the GSI Fragment Separator FRS [3]. During typical usage the
FRS separator gives rise to a ‘cocktail’ beam consisting of sev-
eral secondary projectiles. Several types of isotope of numerous
elements hit the user’s final target, it is the user’s responsibil-
ity to select events associated with the desired projectile. The
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user can do this using algorithms implemented in the online
analysis program. To make this feasible, the data acquisition
system (DAQ) collects not only data from the RISING germa-
nium detectors, but also from many particle detectors in the
FRS (such as: multiwire chambers, scintillators, MUSIC ion-
isation chamber, etc.). After using complicated algorithms, the
online analysis program should finally show two-dimensional
scatter plots, on which the different projectiles (isotopes) can
be separated.

Unfortunately there is no single universal particle identifica-
tion algorithm. Depending on the experiment there are different
procedures used for selecting a desired projectile from the rest
of the projectiles hitting the target/final focus. This is why ex-
perimenters need a tool which is flexible, enabling them to
produce the highest resolution selection for each particular iso-
tope.

Complicated experiments require complicated software.
This implies that scientists present during the experiment are
dependent on the one or few people who are able to modify
the online analysis program and instantly adapt it for a specific
situation.

Sometimes, when everything goes wrong during a night
shift, a professor might ask: “Could we see this spectrum—
gated by time, by this isotope coming from the Fragment Sep-
ophisticated online analysis, Computer Physics Communications (2006),
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arator, and by the position of fragments on this scintillator?”
Very often the answer is: “No, because the Ph.D. student, who
knows how to make it, is currently sleeping”. This sounds like
an anecdote, but is not it so?. . .

As a technician, I always keep in my mind the following
bitter saying: “The humanists are the people who know ‘what’,
but do not know ‘how’. The technicians. . .—they would know
‘how’, but they do not know ‘what for’ ”. There is something
wrong in this attitude. Why should it not be possible to combine
these two skills? Why not introduce to the online analysis an
instrument that the people who have brilliant ideas can use, so
that they can check their ideas by themselves, instantly; without
the necessity of reading a long manual.

This was the inspiration for the work described in this paper.

2. Online analysis

RISING is an example of experiments where the data is col-
lected using “event by event” acquisition. Its data-acquisition
system DAQ (called MBS) [4] collects events and stores infor-
mation on disk, but does not provide any data viewing facilities,
this is the work of the online analysis program. Therefore, the
basic task of the online analysis is to extract the events (i.e.
unpack them from the blocks of data) and to display one-di-
mensional histograms (spectra) of the raw data. By watching
these (typically) hundreds of individual spectra, the experi-
menter can monitor the operation of the experiment’s detectors
and their associated electronic modules.

However, in most cases, the experimenter would like to see
more. Thus, the real task of the online analysis is to take the
events, coming one by one, from the data acquisition system,
and then analyse them using algorithms specially dedicated to
that particular experiment. These algorithms are usually care-
fully prepared before the experiment. By monitoring these spec-
tra, the scientist would hope to see the first signs of a success-
ful experiment. If they cannot see the expected results of the
analysis, they may wish to alter the algorithms, in particular, al-
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
doi:10.1016/j.cpc.2006.09.006
gorithms used to gate other online created histograms, or they
may decide to change the particle separation or beam settings.
For example, they may wish to see newly defined spectra and
to collect them only when some specific conditions occur.

The current article describes one way of performing the on-
line analysis which enables the experimenter the freedom to
create any kind of new one or two-dimensional spectrum, gated
by sophisticated conditions, which are also user defined. This
program does not require the experimenter to have significant
knowledge of programming, nor does it require any modifica-
tion of the online analysis program. There is no need to recom-
pile the program or to stop the running online analysis program
to update the gating conditions. All that is needed is the spe-
cially prepared Graphic User Interface (GUI) program—called
‘Cracow’.

Note, that the package contains two distinct programs. The
first program, ‘spy’ is run as a “command line” program and
is responsible for making the online analysis. The second pro-
gram, ‘Cracow’, has a graphic user interface which allows the
spectra produced by spy to be displayed. It also provides the
methods by which the experimenter can instruct the online
analysis program to create the new, sophisticated conditional
spectra.

3. ‘Cracow’ GUI

As shown in Fig. 1, there are two programs at work, but this
article concentrates only on the ‘Cracow’ code and, in partic-
ular, on its methods of creating the user-defined spectra and
user-defined conditions.

The main goal in the design of the ‘Cracow’ code was to
make it sufficiently experimenter friendly that the user does not
need to read a manual. Using the ‘Cracow’ GUI, the experi-
menter follows sequences of dialogue boxes—called ‘creators’
(or ‘wizards’). By asking questions and expecting straightfor-
ward answers the wizards can create any kind of spectra, gated
by many different types of conditions. The products of these
Fig. 1. Schematic of the RISING online analysis. The two separate programs ‘spy’ (which analyses events), and ‘Cracow’ (which allows on-line viewing of the
spectra) communicate only by a shared disc. Using the graphic user interface of ‘Cracow’ it is possible to tell the ‘spy’ to start collecting a new kind of conditional
(i.e. gated) spectrum.
sophisticated online analysis, Computer Physics Communications (2006),
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wizards, which are definitions of spectra or definitions of con-
ditions, are stored on the disk as text files. (In this way they are
‘persistent’ and may be used in all future analysis.)

Once finished working with the wizard, ‘Cracow’ checks
whether the online analysis program (‘spy’) is currently run-
ning. If yes, it is automatically informed about the new “wish”
of the experimenter. The ‘spy’ program then:

– opens the definitions of the new spectra and the new condi-
tions,

– creates the corresponding objects in the program,
– immediately starts to increment the new spectra with data

coming from the experiment.

The experimenter using the same ‘Cracow’ program can then
observe the result of their work, i.e. the new spectra collected
using his/her newly introduced gating algorithm.

4. Incrementer

The key concept of the system described in this article is the
so-called incrementer. An incrementer represents a variable in
the online analysis program; a variable, which can be used to
increment any given spectrum. Three types of variables from
the RISING online analysis C++ ‘spy’ program can become
incrementers: int, double, bool.

Of course not every variable in the program is worth being
defined as an incrementer. This decision is made by the sci-
entist who writes the online analysis program. If he decides
that a variable may be useful as an incrementer, he defines a
meaningful name which is then included in the list of the avail-
able incrementers. The GUI program reads the list of names and
presents them on the screen. At any time, the experimenter can
select the desired incrementer from such a list, when for exam-
ple they need to create a histogram of a variable.

An example of an incrementer available in the RISING on-
line analysis program is the energy of a γ -ray detected by one
of the germanium detectors. The DAQ delivers the raw value
of this data variable. Having this raw data, the online analysis
program produces a gain-matched (calibrated) version and if re-
quired, a Doppler corrected energy. These three variables, raw,
calibrated and Doppler corrected, can be chosen to be accessi-
ble as incrementers. As there are 105 such individual germa-
nium detectors in the RISING array, by this action there would
be 105 ∗ 3 = 315 incrementers available.

5. Some incrementers must be validated

Most of the users of the ‘Cracow’ GUI do not have to under-
stand the concept of incrementers. They can simply treat them
as variables in the analysis program. The user should however
understand that in some events these ‘variables’ (incrementers)
may contain undefined values.

Some incrementers always have a physically meaningful
value, for instance, a variable which represents the multiplicity
of germanium crystals which fired in a particular event. Since
the online analysis program registers how many crystals fired in
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
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a given event, the incrementer representing this variable always
contains a physically meaningful value.

However not all incrementers are of this nature. For example,
in the RISING experiments there is a multiwire chamber which
is used to trace the trajectory of projectile fragment ions. One
expects that for any particular event both the ‘left’ and ‘right’
cathodes will deliver signals in the ‘data’. These two data values
are used by the online-analysis program to calculate the hori-
zontal position of the ion in millimetres. The calculated value
of this geometrical position is a useful incrementer, usually
containing a value in the range [−150,+150]. Unfortunately
sometimes only one cathode delivers the data. In this case it is
impossible to calculate the position of the ion.

What, in such a case, should the contents of the incrementer
representing the geometric position be? Zero? No, zero means
that the geometric position of the ion is precisely centred in the
axis of the beam line.

There must be another way to inform the rest of the analy-
sis code (and the user of the incrementer) that in this particular
event it was not possible to calculate the position (i.e. that this
variable does not contain a meaningful value). For this purpose
some incrementers are associated with another Boolean value
which validates the current contents of the incrementer. In the
case of the multiwire chamber this is a flag noting if the calcu-
lation of the position was successful or not.

The name of an incrementer which has a validator usually
ends with the word “_when_. . .”. For example:

mw41_x_when_ok

which means: Multiwire chamber named “mw41”, its horizon-
tal position x when its calculation was successful. This suffix
“when. . .” informs the user about the nature of the incrementer.
If the ‘Cracow’ GUI notices the use of an incrementer which
is validated, the GUI may also ask us how to behave when the
incrementer is not valid.

6. The user-defined spectra creator

The online analysis program of the RISING experiments
produces typically more than 2000 standard spectra related to
the different detectors used in the experiment. Many are defined
by default, primarily because they are used the most often. If the
experimenter would like to see a special spectrum, he can make
it using a special instrument, a spectra creator (a user-defined
spectra “wizard”) available in ‘Cracow’ GUI. Now we will see
the method of creating a user-defined spectrum in a “step by
step” manner.

The first thing to do is to choose the name of the new
spectrum. The chosen name is always preceded by the pre-
fix “user_”. This later helps to distinguish user-defined spectra
from the standard spectra produced in the online analysis pro-
gram by default.

The first page of the wizard is shown in Fig. 2. (As displayed
in the figure, the spectrum name suggests that the histogram
will define the sum of energy spectra of the 7 Germanium crys-
tals belonging to the cluster detector named ‘B’.)
ophisticated online analysis, Computer Physics Communications (2006),
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Fig. 2. The user can define a 1D or 2D spectrum. Depending what the user
chooses the following pages of the wizard look differently.

Fig. 3. Choosing the range of a 1D spectrum.

The second decision on this page of the wizard, concerns the
dimension of the spectrum. The user can select a one-dimen-
sional spectrum or a two dimensional matrix (scatter plot). If the
user chooses a 1D spectrum and presses the button ‘Next’, then
the following page of the wizard requests information about the
range and binning of the spectrum. (See Fig. 3.)

Experience shows that some users mix the concepts of “bin”
and “channel”. In order to help clarify these concepts there fol-
lows a graph explaining the idea of binning.

On the following page of the wizard (see Fig. 4) the exper-
imenter defines which variables from the online analysis pro-
gram may increment this spectrum. There is a table in which
the experimenter places the names of the chosen incrementers.
During the online analysis the chosen incrementers will incre-
ment the spectrum for every event (assuming it is valid and no
further condition is applied).

The table shown in Fig. 4 already contains a list of seven
incrementers. They have rather long names, intended to be self-
explanatory. The user does not have to type these names but
rather selects them from a list. In the lower part of the dialogue
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
doi:10.1016/j.cpc.2006.09.006
Fig. 4. A list of variables chosen by the user to ‘contribute’ to their spectrum.
Placing more than one incrementer here creates the sum spectrum of those
incrementers. Each of the (valid) incrementers will then increment the same
spectrum.

Fig. 5. A list of all incrementers offered by the ‘spy’ program, visible in the
special dialogue box.

page there is a button called “Add one or more incrementers”.
This button opens a new dialogue box with the list of all the
available incrementers (see Fig. 5).

There are circa 2500 available incrementers which are listed
alphabetically. To ease the orientation, the names of the incre-
menters consist of the name of the object (detector) which the
incrementer belongs to, this is then followed by the description
of the meaning of a particular incrementer (such as energy, po-
sition, time, etc.).

For example, looking at Fig. 5, the last but one incrementer
in this dialogue box has the name “sci43_position_when_ok”.
This name explains to the experimenter that the incrementer
sophisticated online analysis, Computer Physics Communications (2006),
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Fig. 6. The user defined spectrum may be incremented under some condition.
The user can choose any condition from the list, or create a new condition.

is defined in the scintillator detector called “sci43” and it
represents the position calculated by this object. The suffix
“when_ok” informs the user that incrementer does not always
contain a sensible value (it has a validator checking whether it
was possible/impossible to calculate the position).

By knowing this naming convention the user can find the in-
crementer of interest from this list. There is a tool which makes
such a search easier. At the bottom of the window there is a text
filter, which allows the list to only include incrementers which
pass a given filter.

Returning to the example, using the filter one can display
only those incrementers which represent the calibrated (gain-
matched) energy data of all the germanium detector crystals. In
this case the experimenter is interested only in those belonging
to cluster ‘B’, they can be selected and confirmed by pressing
the OK button. The dialogue window disappears and the se-
lected incrementers are automatically placed in the table shown
on Fig. 4.

The ‘Next’ button moves us to the last page of the wizard.
(See Fig. 6.)

Here the user may apply some condition, but if a condition
is not needed, they can finish the work of the wizard. By this
the definition of the spectrum is stored on the disk as a text
file. The ‘Cracow’ GUI knows whether the online analysis pro-
gram (‘spy’) is currently running, so it can command the ‘spy’
to read the definition prepared on the disk. The ‘spy’ reads the
definition, and starts to collect the desired spectrum. The new
spectrum can be observed immediately using the ‘Cracow’ GUI
spectra viewer in the same way as any other standard spectra.
The only difference is that the name of our spectrum starts with
the prefix “user_”.

Practice shows that the experimenters learn this tool very
quickly. Some may think that the names of incrementers and
their meaning are the most difficult things here. On the contrary,
the names of the incrementers are self-explanatory for experi-
menters. These are just the general terms which are used while
working on experiments and the algorithms of the analysis.

The experimenter can define many different user-defined
spectra. At anytime they can also modify an already existing
definition. If the definition of some new spectrum is going to be
similar to the one which already exists, there is a time saving
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
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Fig. 7. If the user decided to create the definition of a 2D spectrum (matrix), the
second page of the spectrum wizard looks different—it asks questions about the
size of two axes instead of just one.

option available of cloning the definition and then modifying
this ‘clone’.

7. Two-dimensional spectra (matrices)

The wizard is a powerful tool in the GUI. It asks questions
“step by step” and, depending upon the answers, adapts the fol-
lowing pages of the wizard to the current situation. Therefore if
on the first page of the wizard the user decides that a spectrum
needs to be two-dimensional, the next page will look different
(see Fig. 7) to the one-dimensional option.

In the case of choosing a 2D spectrum, after the page dedi-
cated to incrementers of the X-axis (Fig. 4), there is a new page
which asks a similar question about the incrementers used for
the Y -axis. For example, if the user wishes to construct a ma-
trix of “γ -time versus γ -energy” the incrementers representing
the γ -energy should be placed on the X-axis while those repre-
senting the γ -time on the Y -axis. Fig. 8 shows this example.

In one table the user can place as many incrementers, as they
want. What does this actually mean for a 2D spectrum? In the
case of only one incrementer for the X-axis of the matrix, and
only one for the Y -axis it is clear that the user wants the spy
program (during the analysis of each event) to increment the
matrix at a point with the following coordinates P(x, y), where

x is current value of the incrementer X and
y is current value of the incrementer Y.

But, as mentioned earlier, the user can apply more than one
incrementer on a particular axis.
ophisticated online analysis, Computer Physics Communications (2006),



ARTICLE IN PRESS COMPHY:3182
JID:COMPHY AID:3182 /FLA [m5+; v 1.67; Prn:24/10/2006; 11:38] P.6 (1-15)
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Fig. 8. The matrix must have a list of incrementers responsible for y coordinates
of the incremented point P(x, y). Below the list of incrementers there is set of
radio buttons, which allows the choice of one of three modes of work. This is
important if there is more than one item on the X or Y lists.

For example, for such a user-defined spectrum where there
are 7 incrementers defined for the X-axis and also 7 defined for
the Y -axis, there is a table produced as follows:

Table of X incrementers Table of Y incrementers

x1 y1
x2 y2
x3 y3
x4 y4
x5 y5
x6 y6
x7 y7

How should the online analysis program interpret this during
the analysis of a particular event? There are 3 sensible interpre-
tations, they are outlined in the following sections.

7.1. All possible combinations of incrementers

The online analysis program understands that the user wants
to increment points defined by every combination of the x and
y incrementers for each event.

P(x1, y1) P (x1, y2) . . . P (x1, y7)

P (x2, y1) P (x2, y2) . . . P (x2, y7)

. . .

P (x7, y1) P (x7, y2) . . . P (x7, y7)

This is the most general solution. If a user wants this, the
‘Always’ option on the set of radio buttons in Fig. 8 should be
selected.

7.2. Incrementers from the same detector

In the case of the user defining the matrix “γ -energy versus
γ -time”—they place the incrementers representing γ -energy in
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
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the table Y and the incrementers representing corresponding
γ -times in the table X. For this type of matrix the user only
wants combinations of the γ -ray energy data coming from the
same detector as the γ -time data. Generally there is no physical
sense in using the combination of energy data from one detec-
tor, with the time data from another, so the user is interested in
the combinations

P(xk, yj ) when xk, yj are incrementers from
the same detector (i.e. k ≡ j).

Note. This does not mean that the incrementer from row 3 of
the X incrementer table will be used together with the incre-
menter from row 3 of the Y table. Such a solution would not be
user friendly, because it requires that the user places his incre-
menters in a strictly defined order—this is a potential source of
errors and time consuming.

The user friendly approach is different; the user should not
think about the rows in the table, but about the meaning of
the incrementers. To facilitate this, the online analysis program
(‘spy’) does not care about the numbers of the rows. The user
can place their incrementers in the tables in any order. The ‘spy’
program is able to recognise which two incrementers belong to
the same detector, and can use them to increment the matrix.

If the user wants this interpretation, he should select the
‘when X & Y are from the SAME detector’ option on the set of
radio buttons shown on Fig. 8.

7.3. Incrementers from different detectors

If the experimenter is defining the coincidence matrix “γ –γ

energy”, they place the same incrementers representing the
γ -energy in both tables X and Y . Now they are interested in
a different combination of listed incrementers.

If, continuing the example, it is going to be a γ –γ energy
coincidence matrix of the germanium crystals belonging to the
cluster called ‘B’ they choose 7 energy incrementers for the
X-axis, and the same 7 incrementers for the Y -axis. But now the
desired combinations are different. In this case, the user wants
to increment their matrix only for the points:

P(xk, yj ) where xk, yj are incrementers from
different detectors (i.e. k �= j).

Again, here the k and j do not mean the row in the incre-
menter tables, but rather the detector which delivers this data.

In other words, in the case of coincidence matrix γ –γ en-
ergy, the user is interested in all combinations of energies of the
γ quanta, except the situation where the x and y incrementer is
exactly the same. (This would create on his matrix a diagonal
line.)

If the user wants this interpretation—they should select the
second option on the set of radio buttons shown on Fig. 8.

8. “ALL. . .” collective-incrementers, a list of other
incrementers

Very often the user would like to create the sum spectrum of
many variables/incrementers, for example, a sum spectrum of γ
sophisticated online analysis, Computer Physics Communications (2006),
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J. Grębosz / Computer Physics Communications ••• (••••) •••–••• 7
energies registered by all of the 105 germanium crystals. Such
a “total” spectrum can be easily defined by placing on the list
of X incrementers, the 105 incrementers representing the de-
sired (calibrated) variables. However this can be inconvenient.
To make such a task easier, there are some special, so-called,
collective-incrementers, which are equivalent to the list (collec-
tion) of incrementers of the same kind. So, for instance, the long
list of incrementers:

cluster_crys_A_1_energy_cal,
cluster_crys_A_2_energy_cal,
cluster_crys_A_3_energy_cal,
. . .

cluster_crys_R_7_energy_cal

can be substituted, by just one collective-incrementer called:

ALL_cluster_crys_energy_cal

The collective-incrementers (users like to call them:
“ALL. . .” incrementers) save a lot of work when defining a
spectrum. They are useful, when there are many detectors of
the same kind (for example: many germanium cluster detectors,
many Miniball detectors [1], many Hector BaF detectors [5]).

When using the “ALL. . .” collective-incrementers the defin-
ition of the γ –γ energy coincidence matrix is very simple, we
just:

– place one collective-incrementer ALL_cluster_crys_ener-
gy_cal on the list of X-axis incrementers,

– place the same collective-incrementer ALL_cluster_crys_
energy_cal on the list of Y -axis incrementers,

– we select the option that we are interested only in com-
binations where the particular incrementers (hidden inside
these two “ALL. . .” collective-incrementers) are from dif-
ferent germanium crystals.

9. Manager of the user-defined spectra

The experimenter can create many user-defined spectra and
all of them are on a special list handled in ‘Cracow’ GUI by a
user-defined spectra manager. This manager allows us to mod-
ify existing definitions, remove, clone, or create brand-new. Af-
ter any such change, the user has the option to immediately send
his request to the currently running ‘spy’ (online analysis pro-
gram). If ‘spy’ is currently not running, the changes will wait
on the disk until the ‘spy’ has started next time.

10. User-defined conditions

The experimenter often needs to increment his user-defined
spectrum only under specific condition. In the case of the RIS-
ING experiments, the most obvious condition is the selection
of fragments which come out of the Fragment Separator and hit
the target. The experimenter wants to increment his gamma-ray
energy spectrum only when the target was hit by the desired
projectile (fragment).

Of course there are also less obvious conditions, some of
them are invented ad hoc just to see what is wrong with the ex-
periment. So it is very important to give the user freedom over
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
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Fig. 9. User-defined spectra and user-defined conditions are separate objects in
the C++ program. The user can assign any user-defined condition to affect any
user-defined spectrum. The same condition can be assigned to more than one
spectrum.

creating conditions. The user can define his condition swiftly
online. The user-defined condition, once created by the user, is
stored on the disk as a file, and can be used in all future analy-
sis.

In the software described here, the condition is an indepen-
dent object. The user creates the condition and may assign it to
a user-defined spectrum. One condition can be assigned to more
than one spectrum, see Fig. 9.

In this figure we see that a user-defined spectrum can have
at most one condition assigned to it. (This is not a limitation,
because conditions can be created, which contain a nested logic
expression of other conditions.)

11. Condition wizard

The experimenter can create a new condition, or clone an
existing one using the condition manager provided by ‘Cra-
cow’ GUI. As conditions can have very complicated logic, the
process of creating the condition is supported by a special in-
strument called a condition wizard. Let’s look at it.

The first page of the wizard contains the simple question
about the name of the object representing the condition. The
user will refer to this name later when assigning the condition
to spectra. To understand better the following, more difficult
pages of the wizard, let’s try to predict what elementary situa-
tions the user would like to test as a condition.

– Sometimes the user just wants to set a simple gate on one
variable. For example, he wants to test if some energy is
in the channel range 500–520. This kind of elementary
condition we will call a one-dimensional elementary con-
dition.

– Sometimes the user observes a matrix (created by two
incrementers X and Y )—and he would like to have a con-
dition selecting a fragment from this matrix, marked by a
polygon with the shape of a banana, or a cloud. This kind
of elementary condition we will call a two-dimensional el-
ementary condition.

Actually, all we need are these two types of conditions. How-
ever, experience shows that the conditions the RISING experi-
ophisticated online analysis, Computer Physics Communications (2006),
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Fig. 10. A page of the condition wizard, which allows the creation of an alter-
native (OR) of 1D elementary conditions.

menters need, are more complex. Every complicated condition
though, can be constructed from these two elementary types,
but. . . with a lot of clicking. So this approach would be too ele-
mentary and cumbersome. This is why the conditions available
in ‘Cracow’ GUI are more complex. They allow more complex
combinations of elementary conditions to be defined.

The conditions supplied by ‘Cracow’ GUI can be combina-
tions of the following expressions:

– alternative of some 1D elementary conditions,
– conjunction of some 1D elementary conditions,
– alternative of some 2D elementary conditions,
– conjunction of some 2D elementary conditions,
– conditions of other conditions.

These five ways of defining conditions are available on the
five following pages of the wizard. If the user does not need one
of them—they simply leave this page empty.

11.1. “OR list” of the 1D elementary conditions

Fig. 10 shows a page of the wizard, where we can place a
one-dimensional elementary condition.

To specify this part of the condition we should choose a
variable and set a gate on it. It is easy: in the first row of the
table there is a place for the variable name (the desired vari-
able can be selected from a list of incrementers). Then, in the
next columns, we can type two values: lower and upper lim-
its of the gate. This is enough to create a definition of a simple
condition—but very often the users need more.

If we want to have another gate on another variable, then it
can be placed in the next row of this table. We can place in the
rows of this table as many elementary conditions as we want.
By this we create a list of elementary conditions. This list of
elementary conditions has a logical value true, when at least one
of them is true. More formally speaking, here the elementary
conditions are creating the alternative (OR) of all of them.

row1 ∨ row2 ∨ row3 · · · .

Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
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Fig. 11. If the user wants to create the conjunction of 1D elementary condi-
tions, he should also specify how to precede if some of the incrementers do not
contain the valid value. In the case of the alternative (OR) gating conditions it
was not important, such a row with the elementary condition could be treated
as false. With conjunction it is different; sometimes we need to treat it as true,
sometimes as false.

11.2. “AND list” of 1D elementary conditions

If the user prefers not the alternative, but the conjunction of
his elementary conditions—the wizard offers this possibility on
the next page, see Fig. 11.

At first glance, this page looks like the previous one, but
there is an important difference. If we want to check the fol-
lowing conjunction

row1 ∧ row2 ∧ row3 · · ·
we should remember that sometimes the variable (incrementer),
used in a row of this table, may not contain the meaningful value
(because, for example, its detector did not fire). How should one
make a conjunction of rows in such a case?

The quick answer: “let’s treat this row as false” may not be
a good solution. Imagine we want a condition telling us that all
the registered γ quanta have their times in the channel range
500–600. Creating this condition we put the corresponding 105
γ -time variables (incrementers) in this table and we specify
range 500–600. This would be wrong. By doing this we are
creating a conjunction, which is almost never true, because it
highly unlikely that all 105 detectors fire in the same event.

So treating a row with an incrementer from a detector which
did not fire—as false—was not a good choice. Another possible
answer: “the row with the variable (incrementer), which does
not have a meaningful value, should be treated as true”—may
also not be a good solution. Imagine, we want the conjunction
of the elementary conditions related to the position of the ion as
registered by the multiwire chambers.

mw41_x_when_ok is in range −5,+5
mw42_x_when_ok is in range −5,+5

This condition should be true, when the horizontal position
given by the multiwire chamber mw41 and the horizontal po-
sitions given by the multiwire mw42—are in a certain, small
range. Unfortunately, in some events, one of these positions
may be impossible to calculate (because the related multiwire
sophisticated online analysis, Computer Physics Communications (2006),
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Fig. 12. The condition wizard offers also a page with an alternative (OR) of 2D elementary conditions. In the RISING experiment this was useful for the CATE
detector, where the ion could hit only one of nine segments of the detector. As we see, in every row the elementary condition refers to a polygon gate called ‘center’.
However, there is no confusion, because the real, full name of each polygon also contains the string describing the name of the matrix where the polygon was
created.
chamber did not fire in this event). So, how should one treat
the row with such an elementary condition? The last example
showed us that the solution “treat it as false” was not good.
What to do? Treat it as “true”? No, it is obvious that if one of
the multiwire chambers did not deliver the data—the elemen-
tary condition with corresponding incrementer should not be
true. And the whole conjunction should be false as well.

As we see—sometimes we need one approach, sometimes
the other. This is why the first column in the table contains the
combo box, offering the choice.

What should we choose in a particular situation? The
answer: “nobody knows this better than the experimenter
himself”—is not realistic; especially in an experiment like
those from RISING, where we have many new people working
on each new experiment. So, to avoid confusion at this point
in the condition wizard, the ‘Cracow’ software helps in making
this choice. When the user is trying to use a variable (incre-
menter), which has a validator, a special wizard appears and
suggests to the user what option he should (most probably) use
for the incrementer in question.

11.3. Two-dimensional elementary condition on the “OR list”

The next page of the condition wizard deals with two-
dimensional elementary conditions. When do we need such a
condition? For instance, if the ‘Cracow’ GUI displays some
matrix on the screen, we may draw on this matrix a polygon
marking the interesting region. Such a polygon is not yet a con-
dition; it is just a polygon defined by a set of vertices. However,
we can use this polygon to create the elementary condition, just
by specifying the names of two variables (x and y) and the
name of the polygon.

The online analysis program during the analysis of every
event will take the current values of variables x and y and check
if the point P(x, y) lies inside the polygon. If yes, such an ele-
mentary condition is considered as true.

On the corresponding page in the condition wizard of ‘Cra-
cow’ GUI—we have a chance to define not just one 2D ele-
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
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mentary condition, but the whole list of them, see Fig. 12. The
logical value of the whole page is evaluated as the alternative
(OR) of all the rows of this page.

In the first row of the table we can see the names of two vari-
ables, and then the name of the polygon. This example is taken
from the data analysis made during the Fast Beam Campaign,
where we were using the CATE detector [1]. The CATE de-
tector is a chessboard of nine telescope detectors. The ion can
hit one of these nine segments. If it does hit exactly one seg-
ment, we want to check if the values of dE and E registered by
the corresponding segment are in the “banana gate” polygon,
drawn on a related dE vs. E matrix.

This is why all nine elementary 2D conditions are on the list,
and the logical value of this page is evaluated as the alternative
(OR) of all elementary conditions (rows)

row1 ∨ row2 ∨ row3 ∨ · · · ∨ row9.

11.4. Two-dimensional elementary conditions on the “AND
list”

The next page of the condition wizard is very similar to
the previous one, but here all the listed elementary conditions
are creating the conjunction. This is the most frequently used
method of conditioning: we want some values on the X and Y

variables to occur inside one polygon gate, AND we also want
the current values of some other variables to occur inside an-
other polygon related to other X and Y variables.

Fig. 13 shows the example of using the two-dimensional el-
ementary conditions.

This page defines the condition, which is true when all the
rows of this table containing the elementary condition are true
(so: it is a conjunction of 2D elementary conditions)

(row1 ∧ row2 ∧ · · ·).
As it is a conjunction, here again arises the same problem

of what to do if one of variables does not contain a meaningful
value (because some detector did not fire and the calculation of
some value was impossible). Should the row of the conjunction
ophisticated online analysis, Computer Physics Communications (2006),
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Fig. 13. The page of the condition wizard, where we can create the conjunction of 2D elementary conditions. Here, for example, this conjunction was used for better
separation of the projectile coming from the fragment separator.
be in this case false or true? As there is no general answer—the
user can specify case by case in the first column of the table.

11.5. Condition of conditions

The previous pages of the condition wizard can account for
very sophisticated situations; with them the online analysis pro-
gram was successfully used for months. However, the users
demanded to have still another feature: the possibility to make
logical expressions of other conditions.

When is this useful? If the user has already prepared the
condition helping him to select the correct ion coming out of
the fragment separator—he can use it in a more precise form,
by cloning it and enriching it with additional elementary con-
ditions. This is the correct procedure but, due to cloning, the
same elementary conditions (“is a point lying inside the poly-
gon or not?”) will be evaluated twice for the same event, this is
not efficient.

So now there is another, more economic solution. The user
can say: “I want a new condition which is true when the other
condition is true, plus some extra condition. Here is this extra
condition. . . ”. During the definition of his new condition—the
user can also refer to the current values (true/false) of other
conditions. This is very convenient, but is not only a matter of
comfort or economy. The problem first arose when the users
wanted a veto detector. There was then a need to build the con-
dition which is false if some other condition is true.

From all these demands came the special page in the condi-
tion wizard, see Fig. 14.

On this page we can see four tables. In each of them the user
can place the names of other conditions. (To be user friendly the
user need only click and choose them from the list of already
existing conditions.) The four tables represent the common log-
ical operations. The first table is dedicated to the AND opera-
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
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tor, this means that the user requires all the conditions placed
here to be true (a conjunction of conditions). The OR table is
similarly available (an alternative of conditions). For negation
operations—tables with the operators NOR and NAND are pro-
vided.

We can see the four tables on this page of the wizard. We do
not have to use them all. If some of them are left empty, they are
considered to be non-existing. Those tables, which have some
content, should be true. The logical value of this whole page of
the wizard is a conjunction of these four tables.

11.6. Nesting of the conditions is done with care

The possibility of placing the names of other conditions is
very powerful, especially as these other conditions can also re-
fer to other existing conditions. So finally we can create a chain
of conditions. The length of such a chain is not limited.

However there is a risk that some condition may appear
twice in the chain, that would create an infinite loop of con-
ditions to check. For instance: condition A refers to condition
B, B refers to C, C refers to D, and D refers to B. By this, the
infinite circle B → C → D → B → ·· · is created. The analysis
program will start analysing the first event and will spend the
rest of its time jumping from condition to condition not know-
ing which of them should be evaluated first.

To avoid this error, during editing of the condition ‘Cracow’
GUI the wizard immediately checks to see whether the user has
tried to create such an infinite loop. If such a loop has been
created, the user is warned about the logical error.

There is no such risk if we create a brand-new condition—
it is new, so no other condition can be referring to it. But if
we are modifying a condition created earlier, some other condi-
tions can already be using the now modified one on their lists.
We may not remember (or know) this, so we could inadvertently
sophisticated online analysis, Computer Physics Communications (2006),
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Fig. 14. Using this page of the condition wizard, the user can create any kind of logical expression from the other previously defined conditions.
created an infinite loop in our conditions. Fortunately—this er-
ror will be immediately signalled by the wizard. The wizard is
even more careful here, as it checks not only the “direct” refer-
ences, but also the indirect ones. An indirect reference is when
we refer to a condition, which is at the beginning of a long chain
and also features somewhere further along the chain.

Note that for simplicity here we speak about the ‘chain’, but
as one condition can refer to many conditions at the same time
(for example, there can be many names of conditions placed
on the AND table—Fig. 14), so actually this system creates not
a ‘chain’, but a ‘tree’ of conditions. This is no problem, the
wizard is sophisticated enough to test all the branches of the
tree. The wizard knows that the same condition can be referred
to in different branches of the tree, but should never exist twice
in the same branch.

This (at first glance) complicated algorithm is, of course,
only a problem for the GUI programmer. The user does not
have to think about the tree-structure of the condition. He will
be only warned if he tries to create an invalid loop.

11.7. Veto conditions

As we have already mentioned, one of the reasons why the
users demand the option to create logical expressions of condi-
tions was for the experiments using veto detectors. The ability
to implement the negation operator was very important.

If there is only one such detector in the experiment, it is
not difficult for a beginner-user to prepare a veto-condition. At
first he creates the condition pretending that he wants to accept
events, when the veto detector not only fires, but also deliv-
ers the data in the forbidden range. Having done this, the user
creates a second condition, goes directly to the last page of its
wizard—condition of conditions—and here he puts the name of
the first condition in the table related to the NAND, or NOR ta-
ble. (If there is only one condition in the table, then it does not
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
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matter whether it is the NAND or the NOR table.) This negation
is simple even for beginners.

With two veto detectors, some people have problems. This is
not related to the software. Simply: many people do not remem-
ber the rules of logic. Here is an example: the user has already
created two conditions specifying that his two veto detectors—
detA and detB—have fired and registered forbidden situation.
Now the user wants to create the condition which is true, when
veto detector A was “not protesting”, AND veto detector B was
“not protesting” as well. Shortly speaking the user wants such
a situation

(¬detA) ∧ (¬detB).

Unfortunately not everybody remembers De Morgan’s law:

(¬A) ∧ (¬B) ≡ ¬(A ∨ B).

This rule shows that the names of the two veto conditions
should be placed on the NOR list. This list is represented by the
table in the lower right corner, see Fig. 14.

Rules are rules, but we should understand that sometimes the
user is creating his condition during a night shift, and is very
tired. To be really user friendly, the wizard supplies the “hu-
man language” explanation on the top of the NOR table (“[true,]
when all of following [conditions] are false”).

11.8. Finishing the condition definition, and assigning it to
a spectrum

As we have seen, the condition wizard has several pages
where we can specify the lists of elementary conditions, which
will be tested (by the online analysis program) every event. Very
often users use only one of these pages to specify their wishes.
The empty (unused) page has a logical value—true. The final
logical value of the whole condition is a conjunction of all the
5 pages. This seems to come naturally for all users.
ophisticated online analysis, Computer Physics Communications (2006),
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When the user finishes the definition of the condition, the
condition wizard saves this definition on the disk. So far the
condition exists, but no spectrum uses it. Even if we apply this
condition to the currently running ‘spy’ (online analysis pro-
gram), ‘spy’ will not start testing this condition on the analysed
events. The ‘spy’ knows that no spectrum (or other condition)
waits for the result of such a test, so saves it time by not check-
ing it. To be tested, the condition has to be assigned to a spec-
trum, or has to be used by another condition.

Assigning a condition to any user-defined spectrum is sim-
ple. We return to the definition of a spectrum, we open it using
the spectrum wizard and on the wizard’s last page (Fig. 6), there
is a combo box with the list of all current existing conditions.
By selecting one of them, we assign the chosen condition to this
spectrum. From now on this is a conditional spectrum; it will be
incremented only if the assigned condition is true.

After closing the spectra wizard, the GUI checks if the on-
line analysis program (‘spy’) is currently running. If it is, the
GUI asks if it should send this new definition to the ‘spy’. If the
definition is sent, the ‘spy’ opens the definitions of the spec-
tra or conditions and then continues its normal work. The next
events analysed by the ‘spy’, will be tested by the new con-
dition and the new conditional spectrum incremented (or not).
Once more we should underline the fact that: introducing even
the most sophisticated conditional spectra can be done without
the need to recompile the spy program; even without stopping
it.

12. Self-gate

The user-defined spectra wizard and the user-defined condi-
tions wizard described above—are very powerful tools. They
give the experimenter the possibility to create any kind of spec-
trum which he needs. Unfortunately sometimes the cost is very
high. In this case the cost is amount of clicking needed to create
the desired conditional spectrum. If, for some chosen spectrum,
we need to create (for example) 105 conditions—the solution
is tedious and error prone; hence (from the logical point of
view)—purely correct.

Let’s take a good illustration from the everyday practice of
RISING experiments: the total (sum) spectrum of all the ener-
gies registered by the germanium crystals. As these energies are
gain-matched we can sum them and create the “total” spectrum.
If the user wants such a spectrum all he needs to do, is to define
it with a wizard. Using the wizard, on the page dedicated to the
X incrementers, he needs to put

– either 105 incrementers

cluster_crys_A_1_energy_cal
. . .

cluster_crys_R_7_energy_cal

– or—even faster—a collective-incrementer called:
ALL_cluster_crys_energy_cal.

After producing such a definition, the expected spectrum
will be created by the online analysis. Of course, this defini-
tion is nothing special; such a total spectrum is already among
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
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the standard spectra supplied by default by the online analy-
sis program (‘spy’). The experimenter usually wants something
more sophisticated; he wants this spectrum to be collected un-
der some condition.

Let us assume that the user needs a condition where the time-
of-flight value (measured by a set of scintillators) is in some
particular range (of picoseconds). No problem, all the user has
to do is to start the conditions wizard, which is an instrument
designated to create such a condition. On the second page of the
wizard, the user defines the 1D elementary condition—using
variable (incrementer) called: tof_21_41_tof_in_picoseconds_
when_ok. After creating such a condition and assigning it to
the spectrum, the work is done. The logic of this is clear—even
for a beginner.

Unfortunately some beginners tend to use the same logic in
cases of some special kinds of conditions. For example: the user
wants to collect the same total energy spectrum of gamma de-
tectors, under the condition that the times registered by the same
germanium detectors are in range, say, 4000–4020.

The user starts the condition manager and puts 105 incre-
menters related to the calibrated times of the germanium de-
tectors in the table 1D AND. (If the user is clever, instead of
105 incrementers, he will use one collective-incrementer called
“ALL_cluster_crys_time_cal” which gives the same effect.)

If the user assigns such a condition to his spectrum and starts
the analysis of data, he is surprised that the spectrum remains
almost empty. Seeing this, he checks the condition manager sta-
tistics list; here he can see that his condition is never true. No
wonder, it is almost never the case that all the detectors that fire
register the values of time in the same desired range. If one of
them is outside, the whole condition is false.

The user realises his error: “Perhaps it was nonsense to put
incrementers on the AND list?” The user opens the wizard to
modify the condition, and he moves his incrementers from the
page “1D AND” to the next page “1D OR”.

After this modification—the conditional spectrum starts to
grow quickly. It is incremented many times, but looking at this
spectrum, an experienced user can easily tell that the condition
does not work as it was expected. The spectrum is incremented
by such γ quanta, which—for sure—were registered with times
outside of desired region. So, what is wrong?

The shortest, but metaphoric answer would be: in the “logi-
cal expression” that the user creates by defining his conditional
spectrum he put the parenthesises in the wrong place. Due to
this error, if (in the particular event) we registered 22 γ quanta,
and only one of them had a time value lying in the desired
range, the condition will be true (because it is: OR). So the
spectrum will be incremented. Note: it will be incremented by
all of its incrementers; so by the one γ energy with “good time”,
and also by 21 “unwanted” γ energies, which were “out of the
time range” (i.e. a total of 22 incrementers). Fig. 15 shows the
scheme of such a defined conditional spectrum.

The correct way of producing such a conditional spectrum is
shown on Fig. 16.

As we see here, every energy incrementer should be used
to produce its own spectrum under its own, private condition
(a condition, which is set on the corresponding time incre-
sophisticated online analysis, Computer Physics Communications (2006),



ARTICLE IN PRESS COMPHY:3182
JID:COMPHY AID:3182 /FLA [m5+; v 1.67; Prn:24/10/2006; 11:38] P.13 (1-15)
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Fig. 15. A very common error, usually made by beginners during defining a conditional sum spectrum. It is not enough to create just one condition and depending
of its current logical value, increment the spectrum (or not). The proper solution is shown on the next figure.

Fig. 16. The correct way of creating the conditional sum spectrum. Unfortunately this requires creating 105 intermediary conditional spectra. To avoid this—there
is a better tool, called a self-gate.
menter). So, for example, we should make a definition of the
energy spectrum of detector k, under the condition that the
value of the time incrementer from detector k is true. We need
105 conditional spectra of this kind. Then, they all have to be
summed to produce one ‘total’ spectrum. The summing of the
spectra is not a problem; the ‘Cracow’ GUI provides this fea-
ture. The sum spectrum can be created easily and the sum in
made not only once, but it is updated every 30 seconds, so the
sum spectrum is automatically growing together with all the
spectra which contribute to its sum.

The real problem is that the user has to create 105 spectra
and 105 conditions. Even when taking advantage of the cloning
option—this is a lot of clicking. This is not a user friendly so-
lution; especially since during an experiment, such a spectrum
is needed to be observed as soon as possible.

To make this task easy, a special feature has been provided.
It is a small condition which we can assign to an individual in-
crementer placed in the spectrum definition. This specific type
of condition is called a “self-gate”, because it checks other
variables belonging to the same detector to which the original
incrementer belongs.

For example, if an incrementer represents the value of cali-
brated energy registered by the cluster crystal F4, we can assign
to this incrementer a self-gate, and this self-gate will allow us
to check if the calibrated time information in this same detector,
F4, is in the desired range. In this case we do not have to specify
that we mean the F4 detector. The self-gate looks at the incre-
menter to which it is assigned and recognises which detector is
in question.

If the self-gate condition in a particular event is true, the
“self-gated” incrementer is allowed to increment the spectrum.
If it is false, the incrementer is treated (in this event) as non-
existing.
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
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The self gate has its own name, so we can apply the same
self-gate to many incrementers. The self-gate can check much
more than just the time value information. We can even use it
to set a gate on the scattering angle or on the constant Θ and
Φ angles—describing the geometric position of this detector
(Fig. 17).

The self-gate is a tool which saves us from creating many
conditions and many intermediate spectra, when we actually
need only one. This tool is useful in cases where:

– we have many detectors of the same kind,
– each of them offers several kinds of incrementer (energy,

time, scattering angle, angles of their position),
– one type of incrementer has to be summed to create a sum

(total) spectrum. . . ,
– . . . only if some other variable (in the same event) of the

same detector, fulfils some 1D condition.

In the case of the RISING experiments it was useful to sup-
port self-gates for:

– Germanium cluster detectors,
– Germanium detectors belonging to the Miniball array,
– BaF detectors belonging to the Hector array,
– the addback algorithm incrementers—used for all the

above types of detectors (not discussed in this paper).

As we have seen, the self-gate simplifies the creation of the
user-defined spectra. To prove its simplicity, let us look at an
example. We need the total energy spectrum of cluster detec-
tors under the condition that the corresponding times are in the
selected channel region 4000–4020. To define such a spectrum
we should:
ophisticated online analysis, Computer Physics Communications (2006),
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Fig. 17. A dialogue box for the definition of a self-gate used for cluster detectors (with VXI electronics). As we see, the self-gate can be set not only in the time, but
also on many other variables belonging to the same germanium crystal. Here—for illustrative purposes—we can see that is was also set on the angular position of
the detector.
Fig. 18. Thanks to the self-gate, just on one page of the spectrum wizard we can
create the conditional sum spectrum described earlier in Fig. 16.

– create the 1D user-defined spectrum, where there is one
collective-incrementer
ALL_cluster_crys_energy_cal_when_good,

– create a self-gate with the condition on the desired time
range,

– assign this self-gate to the incrementer.

All this can be done on one page of the spectrum wizard
(Fig. 18).

How does the online analysis program (‘spy’) proceed in the
case of such a spectrum definition? For every event it will try to
increment our spectrum. In the definition of this spectrum, the
‘spy’ sees one incrementer—the collective-incrementer (which
is actually the list of 105 incrementers). The analysis program
will take each of them and before using each, will go to the re-
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of
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lated detector to validate the corresponding time (checking the
self-gate). Those incrementers, for whom their self-gate con-
dition is evaluated as true, will be allowed to increment the
spectrum.

To conclude this part, let’s underline once more: from the
logic the point of view, the self-gate is not necessary. All possi-
ble conditional spectra can be created by the spectra wizard and
the condition wizard without self-gates. However, the self-gate
allows making such definitions much simpler.

13. Online, near-line, offline analysis

The system described here makes the analysis swift enough
so that it is really online. The events are coming directly from
the data acquisition system in their raw form. Of course the
analysis could be faster if the events were not raw, but already
pre-sorted and stored on the disk in some optimised form (for
example, as a so-called ROOT tree [6]). But an experiment like
RISING—needs the analysis to be really online. This is espe-
cially true during the startup phase of the experiments, when
the experimenter keeps one hand on a potentiometer, changing
settings, while watching the expected immediate effect on the
online conditional spectrum.

The ‘Cracow’ GUI strictly collaborates with the online
analysis program ‘spy’ used in the RISING experiment. Here
we were discussing the ‘Cracow’ code, but it is worth saying,
that the ‘spy’ is based on the Go4 library [7]. Thanks to this, the
events for the analysis can be obtained either online (from the
DAQ system), or from the “event by event” (list mode) data file
stored by the DAQ on the disk a few minutes earlier. This mode
of work (a near-line analysis) has an advantage that 100% of
events are analysed (while in the online mode—only some frac-
sophisticated online analysis, Computer Physics Communications (2006),
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tion, depending on a counting rate and complexity of the online
analysis algorithms).

No matter what mode (online, near-line) of analysis the user
chooses, he can use the same tools described in this paper for
defining his analysis. The users like this fact, they often ask to
install spy/Cracow code on their Linux laptops, because—after
experiments—when they return to their home laboratories they
would like to continue their analysis offline with the help of the
spy/Cracow code.

Some users even ask if it would be possible to implement the
Cracow code to analyse the data taken in different laboratories.
Yes, it would, but—as the ‘Cracow’ code is strictly collabo-
rating with the ‘spy’—their local program for offline analysis
(their local ‘spy’) should be modified, to:

– ‘publish’ its list of available incrementers (variables) spe-
cific to a particular experiment,

– implement the object oriented procedures responsible for
handling the user defined definitions created by ‘Cracow
code’ (spectra and conditions).

As most physicists nowadays understand that good analy-
sis software [8] should be written using the object-oriented
technique—the adaptation of such object-oriented software
should not be difficult.

14. Final impressions of the author

The system of interactive creation of the user-defined spec-
tra and user-defined conditions, was invented as a solution to
make the experimenters independent (of me), by giving them a
universal instrument to go through a long commissioning phase.
When this phase was over, we were still profiting from this tool,
so the system was constantly being improved. New users com-
Please cite this article as: J. Grębosz, The Cracow code—an interactive method of s
doi:10.1016/j.cpc.2006.09.006
ing for the new experiments are learning this tool surprisingly
quickly. Soon they forget that in their hand they have compli-
cated software—they are now talking only about the physics
seen on the screen. The physics, “extracted” by themselves—
from millions of numbers.
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Abstract

The first excited 2+ state of 36Ca has been identified by its γ -decay, exploiting the two-step fragmentation technique at the FRS-RISING setup
at GSI. This is the heaviest Tz = −2 nucleus in the Segré chart in which a γ -decay of an excited state has been observed. A stable beam of 40Ca at
420A MeV impinged on a primary 9Be target. Out of the secondary beam of fragmentation products, 37Ca was separated by the FRS and struck
on a second 9Be target at the final focus of the FRS. The energy for the 2+

1 decay of 36Ca was determined to be 3015(16) keV, which is 276 keV

lower than in its T = 2 mirror 36S. This mirror energy difference (MED) is discussed in the framework of shell model calculations using a 16O
core, the sd shell isospin symmetric interaction USD and experimental single-particle energies from 17O and 17F. The results show that the MED
within the sd shell provide a sensitive test for the evolution of the N , Z = 14,16 subshell gaps towards the driplines. Especially the N , Z = 16
gap is determined by Thomas–Ehrman shift in the A = 17, T = 1/2 isospin doublet, while Coulomb effects are found to have marginal influence.
© 2007 Elsevier B.V. All rights reserved.
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Recently, the Coulomb energy difference �EC of isobaric
analogue states and especially the MED in Tz = ±T pairs of
nuclei have been extensively studied. In connection with pre-
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cise large-scale shell model calculations these quantities have
proved to be a sensitive spectroscopic probe to investigate or-
bital radii in excited states [1] and the reduced overlap of iden-
tical proton and neutron orbitals at the driplines [2]. The MED,
defined as �EM = Ex(I, Tz = −T ) − Ex(I, Tz = +T ), will be
positive for increasing spin I due to alignment and therefore re-
duced Coulomb repulsion. This can be partly counterbalanced
by a reduced orbital overlap as this quenches the two-body ma-
trix elements. The latter effect would have a strong impact on
the evolution of (sub)shell gaps. The new N = 14(16) shell
stabilisation in Z = 8 oxygen isotopes and the N = 20 shell
quenching in 32Mg20 below the Z = 14, 16 subshells are ex-
pected to be dominated by the monopole part of the two-body
interaction. Moreover, the scenario is anticipated to be sym-
metric with respect to the isospin projection Tz and may only
slightly be affected by decreasing neutron binding energies [3].
On the other hand, the proton-rich mirror Z = 20 (Ca) nuclei
are situated close to the proton dripline which may destroy the
Tz symmetry. Therefore, the ideal site in the Segré chart where
the competing scenarios can be investigated is the N = 20 mir-
ror region along the light Ca (Z = 20) isotopes. The lightest
Ca isotope with detailed spectroscopy is 38Ca, while no excited
states are known for the N = 16 isotope, and 34Ca is already
particle unbound.

For the mirror pair 38Ca and 38Ar the MED of the first ex-
cited 2+ state (38Ca; 2+

1 − 38Ar; 2+
1 = 39 keV) is positive,

which is expected for a hole configuration due to the differ-
ent Coulomb repulsion in the 0+ ground state (g.s.) and excited
state. Within a fixed jn multinucleon configuration the MED
changes sign with ph conjugation [4]. A negative MED may be
anticipated by approaching the proton dripline. Here the ques-
tion arises whether the quenching of the two-body interaction
due to a reduced orbital overlap may cause the opposite energy
shift. Crucial experimental information can be deduced from a
measurement of 36Ca; 2+

1 − 36S; 2+
1 , the heaviest T = 2 mirror

nuclei studied so far.
The FRS-RISING setup [5,6] was used to identify excited

states in 36Ca, especially the 2+
1 → 0+

g.s. decay, employing the

two step fragmentation technique. A primary beam of 40Ca,
provided by the heavy-ion synchrotron SIS with an energy
of 420A MeV, was incident upon a 4 g/cm2 9Be target at
the entrance of the FRS. The average beam intensity was
3 × 108 ions/s. The 37Ca fragments of interest were selected
and identified in-flight on an event-by-event basis using their
magnetic rigidity Bρ, their time of flight between the two scin-
tillation detectors SCI1 and SCI2, see Fig. 1, and their energy
loss in the multi sampling ionization chamber MUSIC. In or-
der to optimize the secondary 37Ca beam at the final focus, a
wedge-shaped aluminium degrader of 2.31 g/cm2 was placed
at the middle focal plane of the FRS, so that ≈ 85% of the in-
coming detected ions were 37Ca.

At the final focus, 2 × 103 37Ca ions/s impinged on a sec-
ondary 700 mg/cm2 9Be target at an energy of 196A MeV.
The reaction products were selected using the calorimeter tele-
scope array CATE [7], consisting of 3 × 3 Si–CsI(Tl) modular
�E−E telescopes. The energy loss in the Si detectors provided
a good charge resolution for unambiguous Z identification af-
ter the secondary target. Due to the relatively large momentum
transfers in the secondary reactions, the velocities of the reac-
tion products were spread out. Thus, the total energy spectrum
did not provide for a complete mass resolution.

The γ -rays emitted by the fragmentation products were
measured with 15 Cluster Ge detectors, containing 7 crystals
each, and positioned in three rings at extreme forward angles
of 16◦, 33◦ and 36◦ with an opening angle of 3◦. In addi-
tion, 7 six-fold segmented MINIBALL triple Ge detectors were
arranged in two rings with central angles of 51◦ and 85◦ rel-
ative to the beam line at forward angles. The HECTOR ar-
ray [8], consisting of 8 large volume BaF2 detectors, was sit-
uated at angles of 85◦ and 142◦. The position sensitivity of
the MINIBALL detectors allowed them to be placed at a close
target distance of 250 mm, while the Cluster and HECTOR
detectors sat at greater distances of 700 and 300 mm, respec-
tively.

In order to obtain the best energy resolution for the γ -rays
emitted in flight (β = 0.545), an excellent tracking of the mov-
ing nuclei is mandatory. Different from the RISING setup de-
scribed in [6], an additional thin position sensitive Si �E detec-
tor with the dimensions of 5 × 5 cm2 was placed directly after
the secondary target. Together with the CATE Si �E detectors
the fragment trajectories were determined with a position reso-
lution of 3 × 3 mm2 [7].
Fig. 1. Schematic layout of the RISING setup at the FRS. See text for details.
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Fig. 2. Doppler corrected 36Ca gated γ -ray spectra measured with the Cluster
(a), MINIBALL (b) and HECTOR (c) detectors. For (c) the background was
subtracted.

A precise Doppler correction has to take into account the ex-
pected lifetime of the decaying state. Since most of the decays
of 36Ca took place within the secondary target (the time of flight
through the target was 23 ps), assuming a comparable half-life
for excited states as in the mirror nucleus 36S, the average β for
the Doppler shift correction was given by a Monte Carlo simu-
lation with GEANT4 [9]. The simulation included the reduced
velocity due to the energy necessary to ablate nucleons [10]
and the momentum distribution from the fragmentation process
[11]. Deviations of this mean value, which mainly originated
from the fragmentation of the primary beam, were corrected
using the time of flight information from the intermediate to the
final focus.

The main source of background γ -rays originated from par-
ticles identified as Ca in the CATE Si detectors that fragmented
during the stopping process in the CATE CsI(Tl) detectors.
These events could partially be discriminated from events that
occurred in the target by imposing narrow time gates for the
particle-γ conditions. Further background reduction was ob-
tained by setting energy cuts in the CsI(Tl) detectors. The total
energy deposition of the 37Ca secondary beam particles in the
CsI(Tl) detectors was also measured for events without γ -ray
coincidence.

Another difficulty to overcome in the analysis was the high
2+

1 → 0+
g.s. transition energy around 3 MeV, implying γ -ray

energies of more than 5 MeV in the laboratory frame for the
Cluster detectors at forward angles due to the Doppler shift.
GEANT4 simulations showed, that single-hit photo peak events
are then disfavoured with respect to single escape and Compton
scattering events. Hence, for the Cluster detectors only add-
back events which required a γ -ray multiplicity of two indi-
vidual energy signals were accepted in the analysis. In the case
of the MINIBALL detectors the crystal segmentation was used
to determine events that scattered within the crystal. This con-
dition also improved the peak to background ratio drastically
for observed high energy γ -ray transitions in 36Ca and other
fragmentation products.

The obtained Doppler corrected γ -ray spectra gated on 36Ca
for the three different detector types are displayed in Fig. 2.
An energy resolution for the 2+

1 → 0+
g.s. transition of 4.3(6)%

was achieved for the Cluster detectors and 4.9(10)% for the
MINIBALL detectors. These values are close to the simulated
values of 3.8% and 4.5%, respectively. The measured ener-
gies of γ -ray transitions from the strongest reaction channels
served as consistency check for the correct energy. Known tran-
sition energies deviated less than 5 keV with respect to literature
values. Differences are expected due to unresolved weak com-
ponents of close lying γ -lines, Compton-edge components of
higher energy transitions and unknown feeding times. The res-
olution of 14% for the HECTOR array forbids a comparison
with known transition energies. Thus, it was excluded in the
assignment of a 36Ca transition energy, however the measured
HECTOR energy also provided a consistent result for the in-
teresting decay. For the Ge detectors the statistical error of the
observed 36Ca γ -transition energy has been determined to be
15 keV, which yields, including the previously mentioned error
for known transitions of 5 keV, an assignment of the 2+

1 → 0+
g.s.

transition to 3015(16) keV. The spin assignment is based on a
comparison to the mirror nucleus and on shell model calcula-
tions. The 3020 keV peak observed in the HECTOR array is in
good agreement with this value. A recent experiment at GANIL
has also detected a γ -ray transition at 3025(30) keV in 36Ca
[12].

Comparing with the T = 2 mirror nucleus 36S, an experi-
mental mirror energy difference �EM = E(36Ca) − E(36S) =
−276(16) keV is measured for the Iπ = 2+

1 states. The new
value is about a factor of 5–10 larger than MED observed for
T = 1 states in the sd shell [13] and predominantly single-j
valence T = 1 states in the f7/2 shell [1,4]. Surprisingly, the
Coulomb energy difference for the corresponding T = 2 states
in 36Cl is only �EC = E(36Cl) − E(36S) = −27(4) keV [14].
This is summarised in Fig. 3, where experimental MED for
Iπ = 2+

1 states of the 1s0d shell and the adjacent 0p and 1p0f

major shells are shown. Data are from this work and Refs. [4,
13,15–18]. Though in general the T = 2 MED are larger than
the T = 1 values, which may be due to the proton-rich part-
ner lying closer to the dripline, the unique A = 36 and A = 14
cases are obvious. Here the first excited Iπ = 2+ states at the
proton-rich side are already unbound.

Due to the known subshell closure for Z = 16 in 36S and the
anticipated one in 36Ca for N = 16 there is no common particle
(p) and hole (h) valence space for the g.s. and excited state, but
a pure pp (hh) state for the g.s. and a ph state for the Iπ = 2+

1
state. The same holds for the A = 14, T = 1 triplet with respect
to the subshell closure Z = 6 and N = 6, respectively, where
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a similar sign and size of the MED (�EM = −422(10) keV)
is observed [13]. The large MED certainly points to an ef-
fect due to shell structure and/or coupling to the continuum for
the unbound state in the proton-rich partner (Sp = 2.56(4) and
4.628 MeV for 36Ca and 14O, respectively [19]) and not to a
Coulomb effect. This is corroborated by the fact that in both,
the A = 14 and A = 36 mirrors, the Tz = −T partner exhibits
the smaller subshell and closed shell gap energies �, which are
precisely determined by binding energy differences [19]. For
example, the neutron gap energy in 36Ca is 550(90) keV smaller
than the proton gap energy in 36S which is shown in Fig. 4.

A universal interaction USD for the sd model space out-
side an inert 16O core has been determined by fitting two-body
matrix elements (TBME) and single-particle energies (SPE) to
experimental binding energies and excitation energies [20]. Ex-
perimental data were corrected for Coulomb shifts to warrant

Fig. 3. Experimental mirror energy differences for the first Iπ = 2+ states of
even–even T = 1 and T = 2 mirror nuclei from 14C–14O to 54Fe–54Ni (for
references and details see text).
strict isospin symmetry of the interaction and SPE. Various
shell model investigations, especially for the neutron-rich sd

shell region close to the “island of inversion” around 32
12Mg20,

have been performed, which include excitations from the sd to
the pf shell [21–23], preserving full isospin symmetry. To in-
vestigate the MED in the A = 36 mirror nuclei, the isospin sym-
metry has to be broken. In the hitherto first systematic attempt
based on the USD, MED were calculated for application to the
astrophysical rp process [24]. In the T = 2 cases A = 24, 32
and 36 the experimental results are largely underestimated by
amounts of 70, 110 and 250 keV, respectively (see Fig. 5). The
required modifications of the Thomas–Ehrman shifts in these
proton-rich nuclei [25,26] may cause considerable changes in
the proton capture rates entering rp path network calculations
[24].

In a simpler empirical approach, hereafter referred to as
USD∗, we have replaced the fitted isospin symmetric SPE by
the experimental values of the A = 17, T = 1/2 mirrors. This
modification turns out to be the most crucial step in order
to reproduce the new large MED in the 36Ca–36S pair. The
isospin symmetry in the TBME is preserved. The configuration-
and spin-dependent Coulomb corrections to the T = 1 proton–
proton TBME have not been applied. In a second approach
we have used the USD interaction as modified by Utsuno et
al. [22] for use with the pf model space without pairing cor-
rections. Again experimental SPE were taken from the A = 17,
T = 1/2 mirrors. To get better agreement with the N,Z = 14
shell gaps in 22O and in 34Si, respectively, additional monopole
corrections were applied, which modify the SPE evolution with
increasing shell occupation [27]. The total monopole modifica-
tions as defined in Ref. [22] relative to USD are

(1)�VT =1,0(d5/2, d3/2) = +0.20,−0.60 MeV,

(2)�VT =1,0(d5/2, s1/2) = −0.10,+0.10 MeV.

This interaction, hereafter referred to as USDm, reproduces the
Z,N = 14,16 shell gaps, the Iπ = 2+ excitation energies and
1
Fig. 4. Experimental 36Ca and 36S (partial) level schemes in comparison to shell model calculations using experimental single-particle energies and the USD
interaction [20] (USD∗), and a monopole modified USD based on Ref. [22] (USDm see text). For 36S the levels as calculated in the full 1s0d–1p0f space [22]
(USDpf ) are shown, too. The 1s0d shell model space subshell gaps � for N = 14 (22O), N = 16 (36Ca), Z = 14 (34Si) and Z = 16 (36S) are shown as lines with
error bars and compared to the corresponding shell model values as indicated by open (USD∗) and filled (USDm) circles.
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the 40Ca single-hole energies [28,29], i.e. the Z = 8, N = 20
and Z = 20 sd shell “fringe” nuclei, in total 13 key experi-
mental data, with a mean level deviation [30] MLD = 275 keV.
This should be compared to the USD MLD = 440 keV for the
same data set. Even smaller MLD values of 224 keV (USDm)
and 207 keV (USD) are obtained for a set of 221 excitation en-
ergies in A = 31–39 nuclei comprising the original data [20]
and new additional experimental results [13]. The results for
the Iπ = 2+

1 respectively 1+
1 states in 36Ca and 36S and the sd

shell relevant Z,N = 14,16 shell gaps are shown in Fig. 4. The
calculations were performed with the code OXBASH [31].

The general agreement within the MLD is good for USDm

while the original USD∗ underestimates the Z,N = 16 gaps
and correspondingly the Iπ = 2+

1 excitation energies in 36Ca
and 36S. The striking result, however, is that independent from
the interaction the use of experimental SPE, which empiri-
cally include Coulomb and Thomas–Ehrman [25,26] effects,
almost fully accounts for the experimental MED. The values
�EM(USDm) = −268 keV and �EM(USD∗) = −257 keV
compare well with �EM(EXP) = −276(16) keV. It is there-
fore concluded that further Coulomb corrections beyond one-
body contributions are negligible. This may be due to the ph

character of the Iπ = 2+
1 states as ph conjugation changes the

sign of mirror energy differences [4]. Moreover, this calculation
reproduces the afore mentioned Coulomb energy difference ob-
served in 36Cl T = 2 states �EC = −27(4) keV as −51 keV
within the deviation expected from the neglect of two-body
Coulomb corrections, which proves that the Tz dependence
within the T = 2 isospin quintuplet is accounted for. Further-
more, apart from the MED and the subshell gaps at N = 16 in
36Ca and Z = 16 in 36S, which are robustly fixed by the A = 17
SPE, the evolution of shell structure for the proton-rich (36Ca)
and the neutron-rich (36S) partners is completely determined
by the isospin symmetric two-body interaction as expected for
monopole driven shell structure [3,27].

The absolute values are certainly subject to change when
sd–pf cross-shell excitations are included, which needs to be
discussed. The USDm Iπ = 2+

1 energies lie within the MLD
but systematically about 270 keV above the experimental val-
ues. For 36S a full sd–pf model space calculation within the
Monte Carlo shell model (MCSM) was performed by Utsuno
et al. [22], which is isospin symmetric in SPE and interaction.
Excitation energies of 3620 and 4810 keV were found for the
Iπ = 2+ and 1+ states (see Fig. 4 USDpf ), which should be
compared to 3406 and 4357 keV in the original USD [20].
The corrections due to experimental SPE as used in the present
work can be estimated to first order from the difference be-
tween USD and USD∗ (Fig. 4) results to be about −260 keV
for Iπ = 2+, 1+, respectively, bringing the sd–pf values in
good agreement to experiment. We also note that the shell gap
optimised USDm accounts well for the cross-shell excitations
omitted in the present work. Their common deviation from ex-
periment is of different origin though, namely symmetric SPE
in USDpf and neglect of explicit sd–pf excitation in USDm.
In the USDpf approach it is found that an average of 0.74 neu-
trons (and 0.12 protons) are excited to the pf shell, which in
the mirror nucleus 36Ca should give rise to substantial coupling
Fig. 5. Experimental mirror energy differences for the first Iπ = 2+ states of
even–even T = 1 (filled circles) and T = 2 (filled squares) sd shell mirror nu-
clei in comparison to shell model results of Ref. [24] (open circles) and the
present work (USDm) (full line). The dashed lines correspond to a reduced
Z = 14 gap in the lower sd shell (A � 28, short dashed) and a reduced N = 14
gap with a small increase of the corresponding mirror gap in the upper shell
(A � 28, long dashed). For details see text.

of the pf protons to the continuum with a large impact on the
MED.

The large value of the A = 36, T = 2 MED, the excel-
lent agreement with the USDm result, and the robustness
against modification suggest a comparison for all experimen-
tally known T = 1,2 MED in the sd shell. This is shown in
Fig. 5 by the full line. Qualitative agreement within expected
deviations due to neglected Coulomb contributions is found for
A = 18–28 and especially for A = 34–38. The largest devia-
tions are found for A = 18 (T = 1), 24 (T = 2), 30 (T = 1)
and 32 (T = 2) with even a wrong sign in the two latter cases.
It is noted that the dedicated calculation of Coulomb shifts in
Ref. [24] fails to reproduce the experiment except for A = 28
(T = 2). Introducing an empirical Coulomb correction to the
proton d5/2 and d3/2, J = 2,4 TBME improves agreement at
the beginning and end of shell but does not cure the A = 24, 30,
32 discrepancy. This and the inspection of the wave functions
for the corresponding mirror pairs suggest that the deviations
are of structural origin, as the Z, N = 14 gaps are crucial in all
critical cases, the A = 30, T = 1 mirrors additionally depend
on the Z, N = 16 gaps. An isospin symmetric monopole cor-
rection obviously will not influence the MED. Moreover, due to
the symmetry of the model space in protons and neutrons, any
isospin asymmetric modification (which necessarily changes
only the T = 1 TBME) that shifts a proton (neutron) SPE in the
lower half of the shell will have the same effect in the upper
half, however with the difference that the corresponding nuclei
lie on different sides of the N = Z line. Therefore, any MED
improvement in the upper sd shell (A = 30, 32) will inevitably
deteriorate the agreement in the lower shell (A = 18–24) and
vice versa. The midshell mirror pair A = 28 however, which
exhibits the only T = 2 positive MED, will remain virtually
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unchanged. This value was recently measured [18] and is in-
triguingly well reproduced in all approaches.

To get better insight in the underlying structure, we have
therefore in an empirical approach introduced different ad hoc
corrections in the lower sd shell between the Z = 8, N = 8 and
A = 28 isobar lines and the upper shell triangle bordered by the
Z = 20, N = 20 and the A = 28 lines.

• In the lower mass triangle A = 16–28 the proton gap at
N = 8 and Z = 14 (Si) was reduced by 200 keV. In ad-
dition, the proton d2

5/2 TBME were quenched by 5% to

improve the USDm (and USD) agreement for 18Ne, which
introduces another reduction of the proton gap by mono-
pole drift summing up to a total reduction in the full shell
calculation of 0.32 MeV relative to its mirror neutron gap
at Z = 8 (O) and N = 14.

• In the higher mass triangle A = 28–40 the neutron gap at
Z = 20 (Ca), N = 14 was reduced by 900 keV while the
Z = 14 (Si), N = 20 proton gap was increased by 300 keV
to further improve the agreement shown in Fig. 4. The full
calculation was done with a final reduction of 0.74 MeV of
the 34Ca neutron gap relative to 34Si. Note that the MED
are only sensitive to the gap difference.

The results are shown in Fig. 5 by short and long dashed
lines for the lower and upper shell, respectively. The excellent
agreement proves the sensitivity of the MED to the experimen-
tally unknown proton gap at Z = 14, N = 8 (22Si) and the neu-
tron gap at N = 14, Z = 20 (34Ca), making MED useful probes
for shell structure in experimentally inaccessible regions. The
substantial reduction of the d5/2–s1/2, N = 14 gap in 34Ca is
corroborated by the experimental evidence in its isotone 32Ar
of a reduced νd5/2 occupation as seen in neutron knockout re-
actions [32]. The origin of the reduction must be sought in
the approaching dripline and gradual coupling to the contin-
uum. The assumption of a constant ad hoc shift in the upper
(lower) sd shell is therefore only a crude approach. The effect
of cross-shell excitations from the adjacent 0p and 1p0f shells
would be symmetric in isospin and influences the absolute exci-
tation energies only. The quenching of the d2

5/2 interaction in the
lower shell, needed to reproduce the MED, can be taken as first
evidence for the reduced overlap of the protons involved due
to coupling to the continuum. Further experimental evidence
would come from a measurement of the Iπ = 2+ excitation en-
ergy in 20Mg, yielding the A = 20 MED which is predicted to
be negative in the present approach.

In conclusion, the energy for the Iπ = 2+
1 state of 36Ca, the

heaviest T = 2 nucleus with an observed γ -decay, was deter-
mined to be 3015(16) keV. The extremely large mirror energy
difference relative to 36S can be understood with an isospin
symmetric USD based interaction using experimental proton
and neutron SPE from the A = 17, T = 1/2 isospin doublet,
which account empirically for the one-body part of Thomas–
Ehrman and/or Coulomb effects. The results are consistent with
a monopole driven shell structure scenario and the expectation
that Ca isotopes below N = 16 develop another “island of in-

version”. From the systematics of T = 1 and T = 2 MED in
the sd shell a reduction of the Z = 14 gap in the N = 8 iso-
tones and the N = 14 gap in the Z = 20 Ca isotopes relative to
their mirror gaps N , Z = 14 in Z = 8 O isotopes and N = 20
isotones is inferred. In view of the considerable reduction of the
Z = 20 shell gap relative to the N = 20 gap in 36Ca and 36S,
respectively, the onset of inversion may start at N = 14 in 34Ca
already.
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Nuclear structure studies at GSI attracted recently increased interest for
the results of present activities as well as for the future project FAIR. A broad
range of physics phenomena can be addressed by high-resolution in-beam γ-ray
spectroscopy experiments with radioactive beams offered within the Rare Iso-
topes Spectroscopic INvestigation at GSI (RISING) project. It combined the
EUROBALL Ge-Cluster detectors, the MINIBALL Ge detectors, the HECTOR-
BaF detectors, and the fragment separator FRS. The secondary beams produced
at relativistic energies were used for Coulomb excitation or secondary fragmenta-
tion experiments to study projectile like nuclei by measuring de-excitation pho-
tons. The first results of the “fast beam campaign” is discussed in comparison
to various shell model calculations. The discussion focuses on the N = 32, 34

sub-shell closure based on neutron rich Cr isotopes. Alternatively, the relativistic
radioactive beams, both in their ground and isomeric states, were implanted and
their decay could be investigated. The “stopped beam campaign” has started in
October 2005 with a series of g-factor measurements. It continued from Febru-
ary 2006 with the next configuration and the main goal of identification of new
isomers and angular momentum population in fragmentation reactions.
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1. Introduction

The CLUSTER [1] detector part of the EUROBALL array is presently
used at GSI to explore exotic nuclei with radioactive beams. The SIS/FRS [2]
facility provides secondary beams of unstable rare isotopes after fragmenta-
tion reactions or secondary fission of relativistic heavy ions with sufficient
intensity for in-beam gamma-ray spectroscopy measurements. Following
a workshop held in November 2000 at GSI, the RISING collaboration has
been initiated to pursue this project. Secondary beams arrive to the sec-
ondary target/stopper either in the ground state or, if existing, in high
spin isomeric states which are long lived enough to survive the flight path
through the FRS. The beams have been used so far either (i) at high ener-
gies (≥ 100 MeV/u) for relativistic Coulomb excitation and fragmentation
reactions or (ii) stopped for isomeric decay studies. The letter of intent
summarizing the proposed physics and the intended experimental technique
of the RISING project is available [3].

The physics of experiments performed in the first RISING campaign,
which is the main topic of this paper, exploit unique beams at relativistic
energies in the range from 100 to 600 MeV/u [4]. Those experiments which
depend on fragmentation products from heavy primary beams are only feasi-
ble at GSI. The RISING spectrometer was employed not only for relativistic
Coulomb excitation but also for pioneering high-resolution γ-spectroscopy
experiments after secondary nucleon removal reactions and secondary frag-
mentation. Several of the performed experiments focused on new methods
and techniques in order to determine magnetic moments and life times of
short lived states, properties of isomeric states and spectroscopic factors at
relativistic energies for the first time.

2. RISING campaigns

The experimental program at RISING has been and will be performed
in different campaigns requiring dedicated specifications of the experimental
setup.

• In the Fast-beam campaign intermediate energy Coulomb excitation
was used to measure the B(E2; 0+

→ 2+) in neutron-rich 56−58Cr [5],
light 108,112Sn [6], and shape coexistent 134Ce, 136Nd [7]. In secondary
fragmentation of 55Ni and 37Ca [8] mirror symmetry in the pf and sd
shells was studied. Further experiments comprise knockout reactions
in 132Sn, sub-picosecond lifetime measurements following fragmenta-
tion of 34Si, and collective modes in 68Ni. The selected results from
the fast beam campaign are further described and discussed in this
paper.
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• In the g-RISING campaign employing passive stoppers for implan-
tation, running at GSI in 2005, experiments on g-factors of isomeric
states around 132Sn produced in fission as well as in fragmentation,
and proton-rich 192Pb were performed. Spin-alignment studies will
enable to extend these experiments from fragmentation products to
neutron-rich high-energy fission fragments [9].

• As a sensitive probe of shell structure changes, new isomers have been
investigated within the Stopped-beam campaign started in 2006.
The studies concentrated on N = Z nuclei below 56Ni where the 10+

isomer in 54Ni was identified with a proton decay branch, nuclei below
100Sn where the isomers in N = Z 82Nb and 86Tc were identified for
the first time yielding information on the isospin T = 0 and T = 1
competing levels, and neutron-rich N = 126 isotones below 208Pb
where among others a (10+) isomer in 204Pt has been identified. A bulk
of nuclear structure information was obtained from the fission and
fragmentation studies of the A = 132 mass region where a number
of isomeric states was found in Ag, Cd, In isotopes including an (8+)
isomer in 130Cd and a core excited state in 131In. More information
on the performed experiments can be found in other contributions to
this conference, i.e. [10–14] and the forthcoming papers [15, 16]. An
experiment planned for December 2006 searches for X(5) symmetry
candidates around A = 110.

• In the future stopped-beam campaign an Active Stopper will be
used, dedicated for β-decay and µs-isomer studies of shape evolution
below 208Pb and K-isomers from 190W to 170Dy, of the Gamow–Teller
resonance and isomers in 100Sn and of isospin symmetry in weak and
strong interactions in the N = Z daughters of 54Ni, 50Fe and 46Cr.

3. Physics interest of the fast beam campaign

The motivations to explore nuclear structure of exotic nuclei at relativis-
tic beam energies focus on (a) shell structure of unstable doubly magic nuclei
and their vicinity, (b) isospin symmetry along the N = Z line and mixed
symmetry states, (c) shapes and shape coexistence and (d) collective modes
and E1 strength distribution.

3.1. Shell structure

Spectroscopic data on the single particle structure of unstable doubly
magic nuclei and their nearest neighbours are indispensable for theoretical
description of the effective interactions in large-scale shell-model calcula-
tions [17]. The studies around the N = Z doubly magic nuclei 56Ni and
100Sn provide an excellent probe for single-particle shell structure, proton–
neutron interaction and the role of correlations, normally not treated in mean
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field approaches. The B(E2; 0+
→ 2+) values in semi-magic Sn nuclei pro-

vide a sensitive test for changing (sub)shell structure, the E2 polarisability
and the shape response of the magic core. For several reasons conventional
techniques, employing (HI,xn) reactions, are very difficult or even impossi-
ble and the proposed Coulomb excitation measurements are the only way to
obtain the information needed to investigate the evolution of shell structure
close to the proton drip line. Beyond the very neutron-rich shell closures
from 34Si to 132Sn the possible disappearance of the familiar Woods–Saxon
shell closures and their reappearance as harmonic magic numbers is pre-
dicted by several mean-field calculations [18]. Moreover, 78Ni and 132Sn are
located close to the astrophysical rapid neutron capture process path and
indirect evidence for an altered shell structure and shell quenching of magic
gaps at N = 82 and N = 126 is derived from recent r-process network
calculations [19]. Alternatively, observed new shell structure in light and
medium-heavy nuclei can be qualitatively understood in terms of monopole
shifts of selected nucleon orbitals, with deviating predictions for new shell
gaps and spin-orbit splitting [20, 21]. So far the investigative methods have
not been able to gather information in the region of neutron-rich Ni and
Sn isotopes concerning the most significant interaction matrix elements, the
magnetic moments and the spectroscopic factors, which are sensitive indi-
cators of their structure.

3.2. Symmetries

The validity of the isospin symmetry for the strong interactions is a fun-
damental assumption in nuclear physics. The degree to which this symmetry
holds as the proton drip line is approached, remains an open question. Ex-
perimentally, the symmetry shows as nearly identical spectra in pairs of
mirror nuclei obtained by interchanging protons and neutrons. A slight
breakdown of the symmetry arises from the Coulomb interaction, causing
small differences in excitation energies between isobaric analog states. The
Coulomb energy differences between excited analog states in mirror nuclei
have been studied for proton rich (N = Z − 2) isobars in the A = 50 region
revealing subtle nuclear structure effects as a function of spin and energy [22].

Within the framework of the proton–neutron version of the interacting
boson model (IBM-2) the existence of low-lying valence shell excitations,
which are not symmetric with respect to the proton–neutron degree of free-
dom, are predicted. These states are called mixed-symmetry states and are
e.g. established in all stable N = 52 isotones [23, 24].

3.3. Shapes

The phenomenon of shape coexistence is caused by various structure ef-
fects, which can be traced back to the polarisation by high spin intruder
orbitals, which happens to occur primarily in exotic regions of the chart of
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nuclides. Along semi-magic isotopic and isotonic chains, midway between
shell closures (N = 82 and N = 126), 2p − 2h and 4p − 4h proton core
excitations into high-spin orbitals cause coexistence of spherical, oblate and
prolate shape as seen in the Pb (Z = 82) isotopes. States observed exper-
imentally have no firm assignment of the specific shape so far [25]. Aided
by shell gap melting, even the ground state may become deformed as in
the well known N = 20 nucleus 32Mg [26]. High-K isomers, built by multi-
quasi particle configurations, due to their influence on the amount of pairing
and/or collectivity left, may give rise to shape changes. Most often deformed
nuclei obey axial and reflection symmetry. However, in specific nuclear re-
gions where the Fermi level approaches pairs of close lying, opposite-parity
orbitals with ∆j = ∆l = 3 reflection asymmetric shapes are predicted, e.g.

the heavy Ba nuclei may show octupole deformed states.

3.4. Collective excitations

Collective excitations such as the giant dipole resonance (GDR), built
from collections of single-particle excitations are necessarily influenced by
the nuclear shell structure. In exotic nuclei like 68−78Ni the proton–neutron
asymmetry may give rise to changes in the shell structure. Theoretical calcu-
lations predict a significant change in the GDR strength distribution as one
progresses towards the doubly magic 78Ni. The excitation function of the
isovector GDR mode is expected to fragment substantially, favoring a redis-
tribution of the strength towards lower excitation energies. Measurements
of the GDR strength function provide access to the isospin dependent part
of the in-medium nucleon–nucleon interaction and on dipole type vibrations
of the excess neutrons. The predicted low-energy shift of the GDR strength
was confirmed in neutron-rich oxygen isotopes by the LAND group at GSI
by means of virtual photon absorption measurements [27]. The GDR exper-
iment in 68Ni applied a complimentary method, virtual photon scattering,
which relies on real projectile γ-ray emission following the virtual excitation.
In order to observe discrete γ-transitions with high resolution and γ-decay
from the GDR, the RISING array was augmented by BaF scintillators. Fur-
ther details on the GDR measurement in 68Ni are given in Ref. [28].

4. Experimental technique

The γ-ray spectroscopy of nuclei produced from exotic beams is per-
formed after in-flight isotope separation. The exotic beams are produced by
fragmentation of a heavy stable primary beam or fission of a 238U beam on
a 9Be or 208Pb target, in front of the fragment separator, FRS.
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4.1. Particle identification and tracking

The FRS was operated in a standard achromatic mode, which allows
a separation of the species of interest by combining magnetic analysis with
energy loss in matter. The transmission through the FRS is typically 20–
70% (depending on the mass region) for fragmentation and 1–2% for fission.
The separated ions are identified on an event-by-event basis with respect
to mass and atomic number via combined time-of-flight, position tracking,
and energy loss measurement. This is achieved with plastic detectors, multi-
wire proportional chambers and a MUSIC ionisation chamber. Details on
the secondary beam identification are given in Ref. [4]. After passing the
identification set-up, the radioactive ions at relativistic energies are focussed
onto a secondary target. Massive slits reduce the amount of unwanted species
reaching the secondary target.

Behind the target the calorimeter telescope, CATE, is used for the exit
channel selection. CATE consists of position sensitive Si ∆E detectors
(laboratory angular range ±3◦) and CsI scintillators for total energy mea-
surement. The performance of secondary fragment identification detector is
described in Ref. [29].

4.2. Gamma-ray detection

For the excited fragments moving at a high velocity (v/c = 0.43 at
the fragment energy of 100MeV/u) the Cluster γ-ray detectors have to be
positioned at either forward or backward angles in order to minimize Doppler
broadening. A photo of the γ-ray detection setup is shown in Fig. 1.

Fig. 1. The RISING fast beam set-up including Euroball-Cluster, Miniball [30] and

Hector [31] detector arrays at the final focus of the FRS. The beam enters from

the left.
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The distance to the target depends on the required energy resolution. The
best possible configuration of the 15 Cluster detectors placed in three rings
available for experiments with fast beams is displayed in Fig. 2.

Fig. 2. Schematic picture of the Ge detector arrays used in the RISING fast beam

campaign. The Miniball detectors are shown at about 90◦ angles (without LN2

supply) and Cluster detectors at forward angles.

Due to the Lorentz boost the main efficiency contribution among the
Cluster detectors comes from the first ring. This ring was positioned to
achieve 1.5% resolution. The 5 Clusters in the 2nd and 3rd rings could be
moved closer to the target position, for an increased efficiency but a lower
overall resolution of 2.05% at 1.3MeV. If both rings are placed at a mini-
mum distance of 70 cm then the configuration reaches a total efficiency of
2.5% while the average weighted energy resolution is only slightly increased
to 1.88%. The segmentation of the Miniball detectors [30] allows to place
them at shorter distance and larger angles as seen in Fig. 2 not affecting
the resolution significantly but contributing strongly to the total γ-ray effi-
ciency to about 6%. The on-line analysis of the data is performed with the
CRACOW software [32].

5. The N = 32, 34 sub-shell closure

The experimental evidence for changing shell structure along the very
neutron-rich N = 8, 20 and 28 isotones can be explained by the monopole
part of the nucleon–nucleon interaction [20, 21, 33]. It is traced back to the
tensor interaction [34–36] which is strongly binding for nucleons in spin-flip
configurations with ∆l = 0 (spin–orbit partners) and ∆l = 1, 2 in adjacent
major shells in the T = 0 (proton–neutron) channel of the two-body interac-
tion. It is specifically strong for optimum radial overlap, i.e. identical num-
ber of nodes in the radial wave function. The effect was first discussed for the
p, sd and pf shells [20, 21, 33] with shell gaps changing from the HO magic
neutron number Nm = 8, 20, 40 to Nm−2NHO = 6, 16(14), 34(32), with NHO
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counting the harmonic oscillator quanta. The ambiguity for NHO > 1 is due
to the presence of j = 1/2 orbits as e.g. s1/2 or p1/2, which have a strong
T = 1 (pairing) monopole opening another gap when these shells are filled.

The neutron-rich Cr isotopes are located at a key point on the pathway
from the N = 40 sub-shell closure via a deformed region to spherical N =
28 isotones. Experimentally a possible N = 32 shell develops in the 2+

excitation energy of Ca isotopes and a maximum in this signature is also
observed for Ti and Cr, while the Ni isotopes show constant 2+ energies.
Three experiments were performed to measure Coulomb excitation of high-
energy 54Cr, 56Cr and 58Cr beams with the RISING setup, where the known
B(E2; 2+

→ 0+) in 54Cr served as a reference to reduce possible systematic
errors. Details of the experimental results are given in Ref. [5].

The extracted B(E2; 2+
→ 0+) and E(2+) systematics of the Ti [37]

and Cr [5] isotopes has been extensively discussed in comparison to different
shell model calculations KB3G [38] and GXPF1/GXPF1A [39, 40] (see e.g.

[33]). The polarization charge used in those calculation for protons and
neutrons was 0.5 e. The local peak in the experimental N = 32 E(2+)
and a corresponding minimum in B(E2; 2+

→ 0+), both in the Cr and Ti
isotpes systematics was observed. A confirmation of these results for 56Cr
and 54Ti was recently obtained in the plunger measurement at the Köln
Tandem accelerator [41].

Closer inspection of the shell model results, which all show a rather flat
behaviour with respect to shell structure, indicates that the N = 32 gap
between p1/2 and p3/2 stays constant when moving from Ca to Cr into the

Fig. 3. Comparison of the experimental and theoretical B(E2 : 2+
→ 0+) values

for Cr isotopes. The influence of using different neutron effective charge [43] in

the calculations is shown in two different curves for the KB3G (light grey) and

KB3Gmod (black) interaction. The experimental points are shown in dark grey.

The recent result [41] (see text) is shown in black.
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proton shell while the N = 34 gap between p3/2 and f5/2 reduces strongly in
the GXPF1/GXPF1A [39,40] and disappears for KB3G [38]. Furthermore,
using in the KB3G calculation the effective charges recently measured for the
fp shell in the neutron deficient nuclei [42] was found to introduce staggering
of the B(E2) values in Ti isotopes which lowers the value for N = 32 almost
to the experimental result [43]. The same experimental values of effective
charges were used for the Cr isotopes when calculating B(E2) values with
KB3G. The result is shown in Fig. 3 as KB3Gmod curve. Although the
staggering is observed as well, the general agreement between calculation and
experiment did not improve. Nevertheless, this latest analysis proves that
the indirect measurement of Cr or Ti isotopes does not give an unambiguous
answer about a possible N = 32, 34 sub-shell closure and only studies of the
respective Ca isotopes will address the problem directly.

6. Summary

The RISING project exploiting high-resolution γ-ray spectroscopy of nu-
clei far from stability proved to be very effective in providing new nuclear
structure information in various campaigns. In particular the question of
monopole driven shell structure at N = 32, 34 was addressed in the fast
beam campaign. The final conclusion on the sub-shell closure in this region
will be provided with a direct measurement of the transition probabilities in
Ca isotopes. New results from Coulomb excitation were provided as well for
108Sn [6] which shed light on the polarization of the 100Sn core, and 134Ce
and 136Nd [7]. The first results of the GDR measurement in 68Ni are to be
disclosed [28]. In the g-RISING and stopped beam campaign a wide range
of nuclei was investigated yielding g-factors in neutron rich Sn isotopes [9]
and newly identified isomeric states in 54Ni [15], 82Nb [12], 86Tc [11], 130Cd,
131In [16], and 204Pt [13]. The future campaign employing an active stopper
foresees measurements of β-delayed γ rays.

This work is sponsored by the Polish Ministry of Science and Higher
Education (grants 1-P03B-030-30 and 620/E-77/SPB/GSI/P-03/DWM105/
2004–2007), the German Federal Ministry of Education and Research (grant
06KY205I) and by EURONS (European Commission contract No. 506065).
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The γ decay following the Coulomb excitation of 68Ni at 600 AMeV has

been measured using the RISING array at GSI. The 68Ni beam has been
produced from the fragmentation of 86Kr at 900 AMeV from the UNILAC-
SIS on a 9Be target and selected using the Fragment Separator. After the
selection of Coulomb excited 68Ni isotopes a peak centered at approximately
10.8 MeV has been observed in all type of RISING γ detectors. Because of
the reaction mechanism the measured peak is interpreted to have a dipole
nature and to come from the Pygmy Dipole Resonance. The measured data
are consistent with the predictions of the Relativistic Mean Field and the
Random Phase Approximation approaches.
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1. Introduction

The Isovector Giant Dipole Resonance (IVGDR) is one of the most im-
portant and easily accessible nuclear collective modes. A large amount of
experimental data exists for nuclei in the proximity of the stability line.
These data have contributed to the studies on the effective nucleon–nucleon
interaction in the medium and, in general, to a deeper understanding of the
structure of nuclei. At the moment, there are only very few experimental
data for nuclei far from the stability line. In particular, the question on how
the Giant Dipole Resonance strength evolves when going from stable to ex-
otic, weakly bound, nuclei with extreme neutron to proton ratio is presently
under discussion, both theoretically and experimentally, in connection with
the existence of the so called Pygmy Resonances (PR) or soft mode [1–6].

Such topic has recently collected very high interest beyond the nuclear
structure field as it could significatively change our understanding of the
neutron capture process in the r-process. In fact, neutron-rich nuclei with
loosely bound valence neutrons may exhibit very strong (γ, n) strength com-
ponents (the so called Pygmy Resonance) near particle thresholds and thus
very enhanced neutron capture rates (see for example Ref. [7,8]). This means
that the Pygmy Resonance can have a striking impact on the calculated
r-abundance distribution.

There are two different experimental techniques available for the mea-
surement of the dipole strength in radioactive exotic nuclei. The first one,
called virtual photon neutron breakup, consists of producing relativistic ra-
dioactive beams and have a kinematic complete measurement of the breakup
products produced in the secondary target [9]. This technique does not
need high intensity beams but it is limited by the fact that it cannot give
any information below the particle binding energy. The second technique,
named virtual photon scattering, consists of producing relativistic radioac-
tive beams and measuring the γ-decay of the Coulomb excited projectiles.
Such method, even though requires high beam intensity, produces directly
the E1 strength distribution and is sensitive both below and above the par-
ticle binding energy (see for example Ref. [11–13]).

In such kind of experiments, a critical factor is the capability to dis-
entangle dipole states from others (mainly quadrupole states) which could
be excited in the Coulomb scattering reaction. Fig. 1 (taken from Ref. [9])
shows the cross section for electromagnetic excitations of different collective
states as a function of beam energy in the case of a medium mass nucleus.
It is clear that the dipole cross section increases with the beam energy while
quadrupole states shows the opposite behavior. It is, therefore, important
to have the highest possible beam energy to ensure the excitation of mainly
dipole states.
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Fig. 1. The cross section for electromagnetic excitations of different collective states

as a function of beam energy for a medium mass nucleus on a Au target [10].

For the 68Ni isotopes recent theoretical calculations have predicted that
the contribution of the low-energy region to the dipole strength distribu-
tion increases with the neutron excess [2, 3] and few percents of the Energy
Weighted Sum Rule are concentrated around 10MeV.

Recently, experiments focusing on the measurement of the dipole re-
sponse of 68Ni have been performed using both the virtual photon scattering
(using the RISING detector array) and the virtual photon breakup technique
(using the LAND array). The experiments have been performed at GSI at
the Fragment Separator (FRS) facility where 68Ni can be produced at rela-
tivistic energy with a sufficient high intensity (approximately 103–104 pps)
for a Coulomb scattering experiment.

In this paper the preliminary results of the analysis of the data acquired
with the RISING array will be presented. In Sec. 2 the experimental setup
will be discussed, while in the third one, the high-energy γ-ray spectra mea-
sured in the RISING detectors will be presented.

2. The experiment

The γ-ray emission from Coulomb excited 68Ni has been measured using
the RISING array [14,15] located after the FRS spectrometer. The particle
identification after the target is performed by the CATE calorimeter [14,16]
which, in the present experiment, consisted of nine position sensitive Si de-
tectors coupled to four 6 cm thick CsI arranged to equally share the intensity
of the incident beam. High and low energy gamma rays have been measured
using 15 HPGe clusters of the Euroball array [17, 18], 7 HPGe segmented
clusters from the Miniball array [19] and 8 BaF2 from the HECTOR ar-
ray [20] located at different angles.

The 68Ni beam was produced from the fragmentation of 86Kr at 900AMeV
from the UNILAC-SIS with an intensity of ∼ 1010 particle per spill. The spill
length was approximately 6 seconds long with a period of 10 seconds. The
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primary beam was focused on a 9Be target 4 g thick and the 68Ni ions were
selected using the Fragment Separator. The s4 scintillator, placed after the
FRS and a couple of meters before the secondary Au target (3 g/cm2), reg-
istered approximately 4 × 104 events per spill. In the beam cocktail which
arrived on target the 68Ni isotopes constitutes approximately 30% of the
total incident isotopes as can be seen in Fig. 2.

A total of approximately 3× 107 68Ni events was collected during 6 days
of beam time.

Fig. 2. The beam cocktail which arrives on the secondary target as measured after

the FRS. In the x-axis the Z of the incident isotope is plotted while in the y-axis

the A/Q ratio is indicated. The strongest spot in the center is relative to 68Ni.

3. Results

All the beam particles were stopped in the CATE calorimeter placed
approximately 1.5 meter after the target. Both the spectra from the silicon
detectors and CsI scintillators were corrected, on an event by event basis,
for the time drifts, the beam velocity and the position of interaction. The
events with multiplicity larger than one were rejected and a consistency
check between the incident direction, the interaction position and the firing
detector was made. The left-upper panel of Fig. 3 shows the spectra obtained
by the CATE calorimeter requiring incoming 68Ni ions. In the right panels
the projected spectra of the central silicon detector and one CsI are plotted.
The achieved FWHM is sufficient to discriminate between different masses
and charges. In the left-lower panel the Time of Flight (TOF) spectra of the
BaF2 detectors with and without the condition of a 68Ni event detected in
CATE is shown. It is clear that the condition eliminates completely almost
all the background except for the gamma flash coming from CATE which
arrives 12 ns after the prompt peak.
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4.4 %

1.2 %

12 ns

Fig. 3. The E−∆E spectra acquired with the CATE calorimeter. In the upper-left

panel the E − ∆E matrix measured in coincidence with incident 68Ni isotopes is

displayed. The CsI and Silicon spectra are shown in the upper-right and lower-

right panels, respectively. In the left-lower panel the Time of Flight spectra of BaF2

detectors before and after the requirement of a 68Ni event in CATE calorimeter are

shown.

The measured high-energy gamma-ray spectra in the three different types
of γ detectors of the RISING setup are shown in Fig. 4. In the upper-left
panel, the Doppler corrected BaF2 spectra are shown. Only the 68Ni events
before and after the secondary target have been selected with an additional
condition on the prompt time of flight peak and on the overall RISING γ
multiplicity equal to one. The displayed spectra is from the detectors at
90 degrees. A peak structure centered between 10–11MeV is evident. The
line superimposed to the spectra shows the results of an accurate GEANT
simulation of a monochromatic 10.8 MeV incident γ-ray. In the simulations
both the Doppler broadening induced by the energy loss in the target and by
the detectors subtended solid angle has been taken into account. The spec-
tra of the BaF2 detectors placed backwards, at 142 degrees, are dominated
by background radiation. In fact, because of the very large Doppler-shift
a ∼ 10.8MeV γ-ray in the center of mass is measured as a ∼ 4MeV γ-ray,
where, unfortunately, the background radiation is still too intense.

A peak structure at the same energy has also been observed in the
Doppler Corrected HPGe Cluster spectra and segmented HPGe Miniball
spectra, as can be seen in the upper-right and lower-left panels of Fig. 4.
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Fig. 4. The high-energy γ-ray spectra measured in the BaF2 detector (upper-

left panel), in the EUROBALL cluster detectors (upper-right panel) and in the

MINIBAL HPGe segmented detectors (lower-left panel). The theoretically calcu-

lated 68Ni dipole strength is displayed in the lower-right panel [21]. The continuous

lines superimposed in the upper plots are the results of GEANT simulation of the

peak lineshape. The arrows indicate the observed 10.8 MeV peak.

As was done for the BaF2 detectors, only the scattered 68Ni events within
the TOF prompt peak and with a RISING multiplicity equal to one have
been selected. In addition, in both HPGe detector types, only those events
which emerged from two capsules activated in a single cryostat have been
accepted. In the case of the HPGe cluster detectors, the peak line-shape
corresponding to a 10.8MeV γ-ray has been simulated using GEANT and
superimposed to the spectrum.

In the right-lower panel of Fig. 4 the low energy part of the Pigmy Dipole
response theoretically calculated within the RPA approach is displayed [21].

It is evident from all the plots of Fig. 4 that, even though the statistic is
low and the background is high, all three detector types provide a coherent
scenario, namely a peak between 10–11MeV. The peak line-shape is consis-
tent to GEANT simulations of the detector response and the experimental
results are consistent with theoretical calculations.

It is, however, important to notice that the analysis is not complete yet.
The Dipole Response of the other isotopes present in the beam cocktail needs
to be analyzed and an absolute estimate of the “strength” of the measured
dipole peak is still to be extracted from the available data.
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4. Conclusion

In the paper we present preliminary results on the measurement, at
the FRS with the RISING array, of the high energy γ-rays emitted by the
Coulomb excited 68Ni. A peak centered between 10–11MeV has been ob-
served consistently in all detector types of RISING. Its position is in the
energy range theoretically predicted by RMF and RPA calculations for the
Pygmy Dipole Resonance. This is the first evidence of such resonance state
measured using relativistic radioactive beams and the virtual photon scatter-
ing technique and opens possibilities for a systematic study of such excited
states in exotic nuclei.
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The first 2+ states in 134Ce and 136Nd and the second 2+ state in 136Nd were populated by Coulomb
excitation at relativistic energies, and γ -rays were measured using the RISING setup at GSI. For 134Ce
an indication of the excitation to the second 2+ state was observed. This experiment performed for
the first time Coulomb excitation to second 2+ states with rare isotope beams at relativistic energies.
For 136Nd the B(E2;2+

1 → 0+), B(E2;2+
2 → 0+), and B(E2;2+

2 → 2+
1 ) values relative to the previously

known B(E2;2+
1 → 0+) value for 134Ce are determined as 81(10), 11(3) and 180(92) W.u., respectively.

The results are discussed in the framework of geometrical models that indicate pronounced γ -softness
in these nuclei.
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Despite the rotational invariance of the nuclear many body sys-
tem, triaxial shapes originate from specific long-range correlations.
They have represented an intriguing phenomenon in nuclear struc-
ture physics for five decades. Quadrupole-deformed nuclear shapes
with soft-triaxiality [1,2] and with rigid triaxiality [3] have already
been proposed in the 1950’s. In the nuclear mass region A ∼ 130,
observed low-spin structures have been interpreted in terms of the
occurrence of triaxial deformation, predominantly with a high de-
gree of γ -softness. Corresponding nuclear spectra can be satisfac-
torily described [4] in terms of the corresponding O(6) dynamical
symmetry [5] of the interacting boson model. The properties of the
two lowest 2+ states of even–even nuclei are particularly sensitive
to a triaxial shape of the nuclear ground state and to the softness
of its triaxiality. From theoretical and systematic studies [6,7], it
has been suggested that the N = 76 nuclei are more γ -rigid than
their neighbors with higher neutron number. At moderate spins,
the rotation of a triaxial nucleus may give rise to pairs of identi-
cal �I = 1 bands with the same parity—chiral twin bands [8]. In
doubly-odd nuclei these structures can arise from the perpendicu-
lar coupling of the angular momenta of the valence particles and
a triaxial core. The existence of self-consistent rotating mean-field
solutions of chiral character has been predicted for the N = 75 nu-
cleus 134Pr [9], where a pair of bands with the same parity and
spin close in excitation energy has already been observed [10]. In
a number of nuclei in this region such bands have been observed
and interpreted as chiral doublets [11–13].

The measured lifetime [14] and the analysis [15] of the band
crossing of the two doublet bands in 134Pr have put the chiral
interpretation for this nucleus to discussion. A recent paper [16]
suggests an interpretation of lifetimes and γ -ray branching ra-
tios with theoretical calculations of the two-quasiparticle triaxial
rotor and interacting boson–fermion–fermion models in terms of
weak chirality dominated by shape fluctuations. In other nuclei,
lifetime measurements have corroborated the chiral picture. In the
odd-mass nucleus 135Nd the transition probabilities for intra- and
inter-band transitions confirm the chiral character and suggest that
the observed behavior is associated with a transition from a chi-
ral vibration to a chiral rotation [17]. It is interesting to study the
triaxiality of the even–even nuclei, 134Ce and 136Nd, which are the
corresponding even–even core of 134Pr and the direct neighbor of
135Nd, respectively, by measuring observables that are sensitive to
the amount and rigidity of triaxial deformation. Therefore, rela-
tivistic Coulomb excitation experiments were performed to pop-
ulate 2+ states in 134Ce and 136Nd. From the decay of the first
2+

1 and second 2+
2 states the B(E2) values were deduced which

yield information on the triaxiality parameter γ within geometri-
cal models such as the Asymmetric Rotor Model (ARM) [2,3] or the
Geometric Collective Model (GCM) by Gneuss and Greiner [18] that
we will employ below.

Two consecutive experiments were performed to measure
Coulomb excitation of high-energy 134Ce and 136Nd beams us-
ing the FRS-RISING setup at GSI [19]. A primary beam of 152Sm
at 750 A MeV impinged on a 4 g/cm2 9Be production target at
the entrance of the fragment separator (FRS) [20]. Fully stripped
secondary beams of 134Ce and 136Nd were separated in the FRS
by their magnetic rigidity and their specific energy loss in the
degraders. The nuclei of interest were identified event-by-event
by employing scintillator detectors, a multiple sampling ioniza-
tion chamber (MUSIC) [21], and multi-wire proportional chambers
(MWPC). Two plastic scintillators with a thickness of 3 and 0.5 mm
each were mounted at the intermediate and final focal plane and
served for the time of flight (TOF) measurement. From the TOF
and the flight path length, the velocity of the ions was deter-
mined. The energy loss (�E) of each ion was provided by the
MUSIC chamber and yielded the element number Z . By combin-
ing these measurements, the full in-flight identification of ions in
Z and A/Q arriving at the final reaction target was achieved. The
purity of the secondary 134Ce and 136Nd beams is almost 100%
with this identification. In addition the incoming trajectories of
the ions were measured by two MWPCs. The energies of 134Ce and
136Nd beams were around 126 A MeV before impinging on a sec-
ondary 386 mg/cm2 gold target at the final focal plane. Projectiles
and target nuclei were mainly excited by the electromagnetic in-
teraction. The de-excitation γ -rays in coincidence with projectile
residues were detected by 15 EUROBALL cluster Ge detectors [22].
The cluster Ge detectors were placed at forward angles in order
to maximize the effective solid angle by the Lorentz boost and to
minimize the Doppler broadening effect. They were arranged in
three rings around the beam pipe, with the axis of the central de-
tectors in each ring positioned at 16◦ , 33◦ , and 36◦ . A distance of
700 mm between the Ge detectors and the Au target was nec-
essary to achieve an energy resolution of ∼3% in FWHM after
Doppler correction. The identification of the nuclei behind the re-
action target was performed by an array of nine position-sensitive
�E–E calorimeter telescopes (CATE) [19] to ensure the necessary
conditions for Coulomb excitations. Energy loss was measured with
thin (300 μm) position-sensitive Si detectors, whereas the residual-
energy detectors were made of CsI(Tl) scintillators. The CATE array
covered a relevant opening angle of 58 mrad at 1426 mm from the
target. For the present projectile–target combinations an angular
range of about 36 mrad is important for Coulomb excitation. The
position sensitivity and the information on the incoming trajectory
allowed for the scattering angle determination.

In the analysis, the scattering angle between an in-coming and
an out-going particle and the γ -ray emission angle with respect to
the direction of the scattered projectile were calculated event-by-
event and used for the Doppler correction. The ion velocity behind
the target was deduced for each event from TOF taking the energy
loss in the Au target into account. The accepted scattering an-
gles in the laboratory frame were limited to the range of 0.8◦–1.8◦
which corresponds to impact parameters in the range of 17–39 fm.
At smaller impact parameters nuclear interaction interferes with
Coulomb excitation and at larger impact parameters the excitation
probability vanishes and the particle–γ coincidences are domi-
nated by atomic interactions. For an optimal suppression of atomic
background radiation, the analysis required single γ -hit cluster
multiplicity for prompt γ -rays at energies in excess of 400 keV
in the laboratory frame. Doppler shift corrected γ -ray spectra for
134Ce and 136Nd are displayed in Fig. 1. Gamma-rays depopulating
the 2+

1 and 2+
2 states are indicated by solid and dashed arrows,

respectively. Gamma-rays depopulating the 2+
1 states are observed

in both nuclei. The decay of the 2+
2 is also clearly visible in 136Nd,

while only indications are present for the 557 keV and 966 keV
transitions in 134Ce. The excitation energies are already known
from former investigations [24]. For the first time, the first and
second 2+ states are observed in Coulomb excitation at incident
energies larger than 100 A MeV, at least for the case of 136Nd.

The absolute γ -ray efficiency of the cluster Ge array was deter-
mined by a γ –γ coincidence measurement between the 1173 keV
and 1333 keV transition of a 60Co source taking into account all
combinations of the cluster Ge detectors, combined with the rela-
tive efficiency of 152Eu transitions measured as a function of γ -ray
energy, and the efficiency in the rest frame was Lorentz trans-
formed with a velocity parameter of v/c = 0.42 to obtain the
absolute efficiency for γ -rays emitted from the moving projec-
tiles. Besides particle–γ coincidences, beam particles were also
recorded requiring an incoming particle in the last plastic scintilla-
tor. From the measured γ -ray intensities the Coulomb excitation
cross sections can be determined, that are directly proportional
to the reduced transition probabilities. For the analysis and espe-
cially for the 2+

2 → 2+
1 transition the γ -ray angular distribution

has to be known. Since the intensity of the latter transition was
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Fig. 1. Doppler shift corrected γ -ray spectra for 134Ce (top panel) and 136Nd (bottom panel). The insets show the regions with the weak transitions depopulating the second
2+ state. Gamma-rays depopulating the 2+

1 and 2+
2 states are indicated by solid and dashed arrows, respectively.
too weak to be analyzed as a function of the γ -ray emission an-
gle, the 2+

1 → 0+ transition in 134Ce was used to extract the γ -ray
angular distribution and the particle–γ angular correlation in or-
der to obtain information on the spin alignment. Our data exhibit
a flat angular distribution within statistical fluctuations. One could
suppose that such a small alignment could be the result of a sub-
stantial feeding from the giant dipole resonance (GDR) states to
the 2+ states. However, a typical cross section for GDR states is
expected to be on the order of 100 mb and a branching ratio for
2+ feeding with respect to ground state decay is on the order
of 1%. Therefore, the distortion of the alignment by the excitation
of GDR states should be negligible. From the previous work [25]
a clear angular distribution was reported for relativistic Coulomb
excitations of 38S and 40S with a gold target. The isotropic angular
distribution in the current work may be explained as a deorien-
tation of the nuclear spin by hyperfine interactions, due to the
longer lifetimes of the 2+

1 states as compared to the sulfur nuclei
and due to the presence of one or more bound electrons in the
Ce and Nd ions emerging from the gold target. In fact, their veloc-
ity v ≈ 0.42c is very close to the classical velocity v0 = (Z/137)c
of one bound electron in the first Bohr orbit of the ion, while the
S ions of Ref. [25] had a velocity much larger than v0 and were
therefore fully stripped. Unfortunately, a quantitative explanation
is not available. The data analysis for 136Nd, hence, assumes a flat
angular distribution, according to the experimental observation for
134Ce.
Table 1
B(E2) and B(M1) values of transitions depopulating the 2+

1 and 2+
2 states in 132Ba,

134Ce and 136Nd. The values for 134Ce and 136Nd are deduced in the present work

Transition 132Ba
B(E2) [W.u.]

134Ce
B(E2) [W.u.]

136Nd
B(E2) [W.u.]

2+
1 → 0+ 43(4)a 52(5)a 80(11)

2+
2 → 0+ 3.9(4)a < 11 11(3)

2+
2 → 2+

1 144(14)a < 140 182(93)

a From Ref. [24].

In the present work, reduced transition probabilities, B(E2),
of transitions depopulating the 2+

1 and 2+
2 states of 134Ce and

of 136Nd were measured relative to the B(E2;2+
1 → 0+) value in

134Ce which is known to be 52 ± 5 W.u. [23,24]. Following a pro-
cedure described in Refs. [26,27], the counts in the γ -ray peaks
were normalized to the number of scattered projectiles taking into
account the absolute efficiency of the Ge cluster detectors and
the deadtime of the data acquisition system (DAQ). From the ra-
tios of these intensities to the 2+

1 → 0+ transition in 134Ce, the
B(E2) values were determined. Since the relative measurements
are free from the major uncertainties of the absolute efficiency cal-
ibration for the whole setup [26,27], this method was employed in
the present work. The results are listed in Table 1. For the tran-
sitions depopulating the 2+

2 state of 134Ce only an upper limit of
the B(E2) values could be determined. The value takes into ac-
count the known 2+

2 → 2+
1 /0+

1 γ -decay branching ratio [24]. The
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decay of the 2+
2 state proceeds via a pure E2 transition to the

ground state. The 2+
2 → 2+

1 transition in 134Ce is known to be of

E2 character to 99.1+0.9
−1.3 % [28]. Therefore, a pure E2 transition was

assumed for the transition depopulating the 2+
2 state in 134Ce as

well as in 136Nd. Since Coulomb excitation of the 197Au target was
also observed, B(E2) values of the observed transitions in 134Ce
and 136Nd could be deduced by normalizing to the one of the
7/2+ → 3/2+ transition of 197Au by taking into account the abso-
lute efficiency of EUROBALL cluster Ge detectors for γ -rays emitted
at rest in the laboratory frame and the Coulomb excitation cross
section for 197Au. Deduced B(E2) values are 77(26), 97(27), 13(5)
and 219(124) W.u. for transitions of 2+

1 → 0+ in 134Ce, 2+
1 → 0+ ,

2+
2 → 0+ and 2+

2 → 2+
1 in 136Nd, respectively, which are consis-

tent within errors with the values shown in Table 1 and validate
our data analysis. The E2 transition strengths of 43–80 W.u. for the
2+

1 → 0+ yrast transitions in the N = 76 isotones 132Ba, 134Ce, and
136Nd suggest a comparison with a collective nuclear model. From
the B(E2;2+

1 → 0+
1 ) values, the intrinsic quadrupole moments Q 0

and the axial β deformation could be estimated if one assumed
applicability of the axially-symmetric rigid-rotor relations. The cor-
responding values would be Q 0 = 3.0, 3.3, 4.2 [eb] and the defor-
mation parameters β = 0.19, 0.20, 0.24 for 132Ba, 134Ce, and 136Nd,
respectively. Deviations of the nuclear shape from axial symme-
try are observed from the excitation energy ratio of the second 2+

2
to the first excited 2+

2 state. In the rigid asymmetric rotor model
(ARM) [3] the excitation energy ratio E(2+

2 )/E(2+
1 ) is given by

E(2+
2 )

E(2+
1 )

= 3 +
√

9 − 8 · sin2(3γ )

3 −
√

9 − 8 · sin2(3γ )

.

The γ deformation parameters for 132Ba, 134Ce, and 136Nd derived
from this relation would result in γ = 26.3◦ , 25.3◦ , and 25.7◦ , re-
spectively. For these calculations, the B(E2) ratios were calculated
from the intensity ratio of the two transitions depopulating the 2+

2
state, which is given in Ref. [24]. These γ deformation parame-
ters can be compared with the ratio of B(E2) values through the
following equation

B(E2;2+
2 → 2+

1 )

B(E2;2+
2 → 0+)

= 20

7

sin2(3γ )

9−8·sin2(3γ )

1 − 3−2·sin2(3γ )√
9−8·sin2(3γ )

within the ARM framework. In Fig. 2 the ratio of B(E2) values
connecting the 2+

2 decay transitions are plotted versus the energy
ratio E(2+

2 )/E(2+
1 ) for 134Ce and 136Nd together with 132Ba. The ex-

perimental data are compared with predictions of the γ -rigid [3]
(dashed line) and γ -soft [2] (solid line) ARM. In a soft nucleus
rotational motions are closely connected with intrinsic vibrations
of the nuclear surface. Therefore, the nucleus is stretched under
rotation, which leads to a change of the β and γ deformation pa-
rameters. To account for this effect Davydov developed the soft
asymmetric rotor model [2] in which the additional parameter μ
characterizes the deformability of the surface. For μ = 0 the nu-
cleus has a perfect rigid shape. It can be seen from Fig. 2 that
only the soft ARM (μ ∼ 0.5, γ ∼ 230) predicts quite satisfactorily
the experimental data of 134Ce and 136Nd, while 132Ba seems to be
more γ rigid.

However, the energy staggering

S(I) = E(I) − E(I − 1)

E(I + 1) − E(I − 1)
− I

2I + 1

of the quasi-γ band predicted by the ARM is opposite in phase
to those observed for the N = 76 isotones [S134Ce(3+

1 ) = +0.187,
S134Ce(4+

2 ) = −0.054, S136Nd(3+
1 ) = +0.113, S136Nd(4+

2 ) = −0.063].
Fig. 2. Ratio of B(E2) values connecting the 2+
2 decay transitions as a function

of the energy ratio E(2+
2 )/E(2+

1 ). The data of 132Ba (!), 134Ce (") and 136Nd (2)
are compared with predictions of the γ -rigid (dashed line) and γ -soft (μ = 0.5)
asymmetric rotor model [2,3]. The asterisk denote the theoretical results which are
calculated in steps of 2.50 in γ .

The experimental staggering hints at a considerable degree of γ -
softness. Complete γ -independence of the potential would result
in O(5) symmetry [1,5] which yields the maximum energy stag-
gering SO(5)(3+

1 ) = +0.571 and SO(5)(4+
2 ) = −0.444. These values

have the right phase but are too extreme.
In order to characterize the quadrupole shape of 136Nd and

134Ce we have performed GCM calculations with the potential
V (β,γ ) = V 0[β2 + c3β

3 cos(3γ ) + c4β
4 + c6β

6 cos2(3γ )]. The pa-
rameters were adjusted for simultaneous description of the ground
band energies, the E(2+

2 )/E(2+
1 ) energy ratio, the E2 branching ra-

tio of the 2+
2 , and the energy staggering of the quasi-γ band.

Fig. 3 compares the low-energy level scheme of 136Nd to
the GCM results for potential parameters V 0 = −2.125 MeV;
c3 = 0.112; c4 = −9.874 and c6 = −10.345. The agreement with
the experiment is satisfactory except for the moment of inertia
of excited bands, as must be expected for geometrical models
without intrinsic degrees of freedom. The calculated staggerings,
SGCM,136Nd(3+

1 ) = +0.137 and SGCM,136Nd(4+
2 ) = −0.022 do not de-

pend on a scaling factor for the Moments of Inertia and are close
to the experimental values. Panels (c) and (d) show the potential
energy as a function of the deformation variables. The potential
exhibits a shallow minimum at βmin = 0.225, γmin = 20.6◦ with
pronounced γ -softness. Our GCM fits show that a similar descrip-
tion holds for 134Ce. We conclude that the region of γ -soft nuclei
extends from the Xe, Ba-region [4,30,31] well up to 136Nd at least.
The even–even nuclei, 134Ce and 136Nd, are not sufficiently γ -rigid
to serve as rigid triaxial cores of neighboring odd–odd nuclei in
order to sustain chiral geometry without shape-polarizing effects
from the unpaired nucleons. In turn, a possible observation of
chiral structures in the particle–core coupled neighbors to 134Ce
or 136Nd must be considered as direct evidence for these shape-
polarizing effects.

In summary, the B(E2;2+
1 → 0+) in the 134Ce and 136Nd nuclei,

B(E2;2+
2 → 0+), and B(E2;2+

2 → 2+
1 ) values in the 136Nd nucleus

were measured for the first time by relativistic Coulomb excita-
tion. The comparison with the asymmetric rotor model and the
Geometrical Collective Model yields information on the nuclear
shape, namely the β and γ quadrupole deformation parameters.
It is found that the data hint at a pronounced γ -softness of the
N = 76 isotones even up to 136Nd.
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Fig. 3. Theoretical description of the low-energy level scheme of 136Nd (a) with the GCM (b). Excitation energies are given in keV and E2 strengths in W.u. The experimental
values indicated with “∗” are taken from Ref. [29]. Panel (c) shows the potential energy surface used for the calculation as a function of the shape variables. The bold line
denotes the ground state energy. Cross sections of the potential energy surface for three different values of the deformation parameter β are shown in panel (d) as a function
of γ . Substantial γ -softness is obvious.
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The � decay from Coulomb excitation of 68Ni at 600 MeV=nucleon on a Au target was measured using

the RISING setup at the fragment separator of GSI. The 68Ni beam was produced by a fragmentation

reaction of 86Kr at 900 MeV=nucleon on a 9Be target and selected by the fragment separator. The � rays

produced at the Au target were measured with HPGe detectors at forward angles and with BaF2 scin-

tillators at backward angles. The measured spectra show a peak centered at approximately 11 MeV, whose

intensity can be explained in terms of an enhanced strength of the dipole response function (pygmy

resonance). Such pygmy structure has been predicted in this unstable neutron-rich nucleus by theory.
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The electric dipole (E1) response of nuclei at energies
around the particle separation energy is presently attracting
a lot of attention, particularly for unstable neutron-rich
nuclei produced as radioactive beams. One of the impor-
tant aspects in this connection is that the dipole strength
distribution affects reaction rates in astrophysical scenarios
where photodisintegration reactions are important, i.e., in
hot stars and stellar explosions [1]. The accumulation of E1
strength around the particle separation energy is commonly
denoted by the pygmy dipole resonance (PDR) due to the
minor size of its strength in comparison with the giant
dipole resonance which dominates the E1 response, and
exhausts the Thomas-Reiche-Kuhn (TRK) oscillator sum
rule. In the case of stable nuclei extensive work has been
done ([2,3] and references therein) with photon scattering
experiments in different mass regions and in general it is
seen that the low energy E1 strength (below and around the
neutron binding energy) is larger than that due to the tail of
the giant dipole resonance (GDR). It is also found that this
low energy strength increases with the N=Z ratio. Quali-
tatively, this increase has been explained as due to the
vibration of the neutron skin. The problem of how the E1
strength evolves for nuclei far from stability in the neutron-
rich side is presently one of the interesting topics in nuclear

structure since it provides information on the properties of
the neutron skin and on the nuclear equation of state for
asymmetric nuclear matter, relevant for the study of neu-
tron stars [4]. In particular, it is presently theoretically un-
der discussion to which extent pygmy resonances represent
a collective vibration of excess neutrons against an isospin-
symmetric core [5]. For nuclei far from stability the pygmy
dipole resonance was investigated using the heavy-ion
induced electromagnetic excitation process at high beam
energies. Low-lying dipole strength in the energy region
below the GDR has been observed in the oxygen isotopes
20–22O [6,7] and in several neutron-rich nuclei around
132Sn [8]. The unstable nucleus 68Ni represents a good
case to search for pygmy structures. This nucleus is located
in the middle of the long isotopic Ni chain having at the
extremes the doubly magic 56Ni and 78Ni and is experi-
mentally accessible with the present radioactive beam
facilities. In addition, different theoretical predictions on
the pygmy dipole strength are available for this mass
region [9–11]. The present Letter reports on the first search
of the pygmy dipole resonance in 68Ni using the virtual
photon scattering technique at 600 MeV=nucleon, at
which the excitation of vibrations of electric dipole char-
acter is dominating over other excitation modes [12].
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The 68Ni beam was produced from the fragmentation of
86Kr beam from SIS at GSI at 900 MeV=nucleon with an
intensity of �1010 particles per 6 s spill (10 s repetition
rate) and focused on a 4 g=cm2 thick 9Be target. The 68Ni
ions were selected together with few other ions using the
fragment separator (FRS [13]). A total of approximately
3� 107 68Ni events were collected. The upper panel of
Fig. 1 displays the selected and well separated ions. The
68Ni ions are the most intense component (33% of the
beam cocktail) impinging on the Au target (2 g=cm2

thick). The particle identification after the Au target was
performed by a calorimeter (CATE) [14,15] placed at 0�. It
consisted of nine thin position sensitive Si detectors in

front of four 6 cm thick CsI detectors, arranged symmet-
rically with respect to the beam. The opening angle � of
CATE is �2:0�, which is much larger than the grazing
angle of 0.43�. The total energy and energy loss correlation
of events measured in CATE and corresponding to 68Ni
ions are shown in the middle panel of Fig. 1. The FWHM
of the measured total energy peak is approximately 1% and
therefore the present resolution is sufficient to discriminate
between different masses of the outgoing nuclei. The �-ray
emission at the target location was measured using a
specific configuration of the RISING setup [14]. Gamma
rays were detected at different angles, at 16�, 33�, and 36�
with the 15 HPGe clusters of the RISING array [16], at 51�
and 88� with 7 HPGe segmented clusters of the Miniball
[17] array and at 88� and 142� with 8 BaF2 of the
HECTOR array [18]. An important requirement to obtain
�-ray spectra from the measured data is to determine the
v=c of the � emitting nuclei on an event by event basis by
tracking their trajectories before and after the Au target
interaction. This is particularly important for large values
of v=c as in the case of this experiment having v=c � 0:79
and a thick target. In fact, the target thickness induces a
spread in the v=c value of� 1%. In addition, all the �-ray
spectra here discussed are associated to 68Ni scattered at
� � 0:43� to select Coulomb excitation [14]. In addition,
the events used for the following analysis had � multi-
plicity equal to one, corresponding to one �-ray detector
firing out of the 30 available. This is to reduced high
multiplicity background events. The �-ray energy spec-
trum measured with the HPGe RISING cluster detectors is
shown for the high-energy region in Fig. 1 (lower panel). In
order to check whether or not the measured structure at
around 11 MeV could be due to � transitions in a narrow
peak emitted by the projectile, a GEANT [19] simulation
was made. The simulation corresponded to a � transition of
11 MeV from a moving source and included the source and
detection conditions. In particular, the angular and energy
straggling of the projectile in the target and the relativistic
effects depending on position and opening angle of the
detector were included. The result of the simulation, shown
in the bottom panel of Fig. 1 by the continuous line,
reproduces rather well the measured peak structure. An
additional way to confirm that the peak structure at
11 MeV is originating from the deexcitation of 68Ni pro-
jectile is to verify the angular dependence of the Doppler
correction of the fast moving emitting source. The spec-
trum measured with BaF2 detectors at 88� and corrected
for the projectile velocity (Fig. 2) clearly shows a peak at
11 MeV. The cross section values were deduced by mea-
suring singles events, not requiring � detection, in the
CATE calorimeter and by computing the � detection effi-
ciency of the array taking into account the � angular
distributions as given by the Lorentz boost. Also in this
BaF2 detector spectrum a peak structure is present at
around 11 MeV. The error bars reflect the statistical error
and the uncertainty in the determination of the value of
v=c. In the inset of the figure the peak region of the BaF2

FIG. 1 (color online). In the upper panel (a) the fragments
selected in the FRS are shown in a A/Q versus Z plot. The central
panel (b) shows the E-�E spectra (from the CsI and Silicon
detectors) of the outgoing beam detected after the target in the
CATE calorimeter with selection of the incoming 68Ni. In the
lower panel (c) HPGe spectrum of the Cluster detectors after
selecting incoming and outgoing 68Ni and applying the Doppler
correction for the projectile is shown. The continuous line is the
result of a GEANT simulation for the in flight emission of a
11 MeV � transition.
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detectors is shown in a linear scale together with the
corresponding GEANT simulation. It is important to men-
tion that for the HPGe detectors, being placed close to the
CATE detector and having a time resolution >10 ns, the
background reduction is not as good as for the BaF2
detectors (placed backward and with a time resolution of
<1 ns). For the spectra measured with BaF2 detectors we
have performed statistical model calculations [20] to inter-
pret schematically the exponential part of the spectra. For
the statistical calculation we have used the energy value
given by the adiabatic cutoff energy of the Coulomb
excitation process (�20 MeV). The adiabatic limit of

Coulomb excitation was deduced with Emax � @c��
bmin

, where

bmin is the smallest impact parameter for which interac-
tions involving nuclear forces are negligible. The calcu-
lated statistical emission from the target and projectile was
obtained using the standard GDR strength function, by
correcting the �-ray energy for the Doppler shift due to
the projectile velocity (to be consistent with the experi-
mental data treatment) and by folding with the detector
response function. The condition of detecting only one �
ray can be neglected in the statistical model calculation
because both the �-ray efficiency (�5% at 1 MeV) and the
� multiplicity produced by the reaction (measured to be
�1:1) are low. The statistical model predictions are shown
in Fig. 2 in comparison with the data normalized at
3–5 MeV. One can note that the sum of the target and
projectile statistical contributions reproduces remarkably
well the exponential shape of the data and that there is an
excess yield very pronounced at around 11MeV, which can
be attributed to the projectile emission on the basis of
Doppler correction arguments. The data in the region of
interest for searching the pygmy resonance in the electric
dipole response function were obtained by subtracting

from the measurements the computed statistical model
contribution and some background extrapolated from the
very high-energy region. The corresponding data are
shown in the bottom panel of Fig. 3. The present results
of the � decay of the 68Ni at 600 MeV=nucleon are char-
acterized by a peak structure centered at 11 MeV for which
it is important to understand not only the shape but also the
measured value of the cross section. To describe the mea-
sured cross section for � emission from the 68Ni nucleus in
the region E� > 6 MeV we have to evaluate the product of

the excitation cross section �exc with the branching ratio
for � emission R�.

The �-ray emission from the GDR is expected to be
dominated by the ground state decay and the decay to the
2þ state (due to the coupling of 1� to 2þ) depends on the
nuclear structure [21]. The latter for the pygmy, having a
much smaller width (<1 MeV), is expected to be smaller.
To verify this we have examined the 9–11 MeV region
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FIG. 3 (color online). In the upper part the 68Ni photoabsorp-
tion cross section is shown with a full drawn line (scale on the
right). The differential cross section obtained after applying the
equivalent virtual photon method (VP) is shown with a dotted
line (scale on the left). The dashed line (scale on the left) is
obtained by including the � branching ratio (VP and R�). In the

bottom panel the open circles show the �-ray cross section
measured with BaF2 detectors. The 3 lines in the bottom panel
display calculations of the � cross section (including the re-
sponse function). The long dashed line is the decay of the PDR,
the dotted line is the decay of the GDR and the thick line the sum
of the two contributions.

FIG. 2 (color online). The high-energy �-ray spectrum mea-
sured with BaF2 detectors and Doppler corrected with the
velocity of the projectile. The lines are the statistical model
calculations for the target (dotted line) and for the beam (dashed
line) nuclei. In the inset the continuous line superimposed to the
measured data is the result of a GEANT simulation for a
�-transition at 11 MeV.

PRL 102, 092502 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

6 MARCH 2009

092502-3



when adding a possible component centered at 9 MeV
(corresponding to the decay from the pygmy state to the
2þ state at 2.033 MeV). This resulted in a worsening of the
fit already with a contributions of 10%. The differential
Coulomb excitation cross section for E1 multipolarity
(integrated from a minimum impact parameter bmin to
infinity [22]) is given by

d�E1

dE�
¼ �exc � R� ¼

�
1

E�

N�abs

�
� R�; (1)

where N is the equivalent virtual photon number for pure
Coulomb excitation and �abs is the photonuclear cross
section with multipolarity E1. From expression (1) one
can see that indeed the � energy and virtual photon number
factors produce an excitation cross section characterized
by a sizable distortion of the electric dipole response
function. This point is illustrated in the top panel of
Fig. 3. In this figure an electric dipole response function
with a small peak at 11 MeV with 5% of the energy
weighted sum rule strength (EWSR) is shown. The corre-
sponding 1

E�
N�abs is shown in the same figure with the

dotted line. The virtual photon number was evaluated by
choosing as minimum impact parameter for Coulomb ex-
cited nuclei bmin ¼ 12:85 fm from the systematics of
Benesh et al. [23]. The comparison of the continuous and
dotted lines shows clearly how the large flux of virtual
photons at the lowest energy enhances, as expected, the
intensity of the electric dipole response in the pygmy
region. The additional and very important effect of R� is

displayed with dashed line curve. For the evaluation of R�

the procedure described in Refs. [24,25] has been adopted.
In particular R� is due to two contributions R� ¼ Rdir

� þ
RCN
� , where Rdir

� is the direct decay contribution while RCN
�

is the decay after the resonance had coupled to the com-
pound nucleus states at the same excitation energy. This
latter contribution depends on the nuclear level density. For
the calculation shown with dashed line in Fig. 3 the
adopted level density is based on the shell model
Monte Carlo calculation [26]. Using this level density the
total � branching ratio is found to be� 0:4% and� 4% for
the region of the GDR and the PDR, respectively. The
present values are consistent with the total photon branch
integrated over the energy interval 9.5–25 MeV of the
heavier 208Pb (R� � 2%) [24]. The detector response func-

tion was folded to the dashed curve of Fig. 3 and the
corresponding result is shown in the bottom panel. There
is a remarkable agreement of the calculated cross section
with the data both in size and shape when one assumes an
electric dipole strength function with �5% of EWSR
strength at 11 MeV [the corresponding BðE1Þ value being
1:2 e2 fm2]. In contrast, a calculation assuming a standard
Lorentzian function, presented as a short dashed line in the
bottom panel of Fig. 3 produces a spectral shape and size of
the cross section which differs from the data by approxi-
mately 1 order of magnitude in the region below 12 MeV.
Theoretical predictions are available for the pygmy reso-

nance for neutron-rich nuclei such as Sn and Ni isotopes
[9–11,27]. In particular, for the 68Ni nucleus, recent calcu-
lations within the relativistic random phase approximation
(RRPA) model [9] and the quasiparticle relativistic random
phase (QRRPA) model [10] predict at 9–10 MeVa pygmy
structure with a EWSR strength of 4% and 10%, respec-
tively. For the analysis of the present data an assumption of
9% of the EWSR strength in the pygmy region could fit the
data if the used value of the level density is a simple
extrapolation from stable nuclei. The level density value
from stable nuclei is a factor of �5 larger of that used in
the calculation of Fig. 3 taken from more accurate calcu-
lations [26]. The interesting result here obtained on the
strength of the pygmy resonance (5% to 9% of the EWSR
strength) calls for experiments on level density measure-
ments in exotic nuclei to pin down with smaller uncertainty
the E1 strength.
In summary, we have here presented the first experimen-

tal search of a pygmy resonance in the neutron-rich 68Ni
nucleus using the virtual photon scattering technique.
Evidence is found for the presence of sizeable strength
energetically located below the GDR and centered at
�11 MeV with approximately 5% of the EWSR strength.
This is similar to what has been found in unstable neutron-
rich 132Sn [8], but is sizably larger than in stable nuclei.
This result is in rather good agreement with theoretical
predictions and provides relevant information which can be
related to neutron skin and nuclear symmetry energy [4].
The present result for the ground state � decay from the
pygmy resonance opens interesting future perspectives
with more intense radioactive beams and further improved
instrumentation for � detection at relativistic energies such
as the AGATA �-ray tracking array. In fact, it will be very
interesting for the study of neutron skin in nuclei far from
stability to measure more in detail and systematically the
structure of the electric dipole response in an energy inter-
val larger than that of the present experiment.
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b GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
c Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn, 53115 Bonn, Germany
d The Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, 31-342 Krakow, Poland
e INFN Sezione di Milano, 20133 Milano, Italy
f Dipartimento di Fisica, Universit�a di Milano, 20133 Milano, Italy
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a b s t r a c t

The lineshapes and peak position of Doppler corrected g�ray spectra from in-beam experiments at

relativistic energies are investigated with respect to the intrinsic energy resolution of the employed

detectors, the particles’ velocities, and the photons’ emission angle uncertainties at the moment of

g�ray emission. The uncertainties in velocity and photon emission angle are dependent on the lifetime

of the excited state. The impact of these two observables on the lineshape and energy resolution are

studied for the RISING g�spectrometer by means of simulations and experimental results from a two-

step fragmentation experiment at � 200 MeV=u. Potential use of the distinct lineshape for lifetime

determination is demonstrated for measured g�ray transitions.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the development of in-beam g�ray spectro-
scopy of radioactive ion beams from in-flight facilities at
relativistic energies has enabled nuclear structure investigations
that were previously beyond reach. In these experiments, rare
isotope facilities provide in-flight separated beams with relati-
vistic velocities in the range of 0:3rbr0:8 after primary
fragmentation reactions, which are incident on a secondary target
to induce reactions such as Coulomb excitation or knockout
ll rights reserved.

shina Center for Accelerator-

98, Japan.

l).

ermany.

d 11, CNRS/IN2P3, F-91405
reactions [1,2]. A decisive advantage of this method is given by
the beam’s high energy. Thick secondary reaction targets can be
employed due to the low energy loss at these beam energies,
compensating very low secondary beam rates.

The emitted g�rays from decaying excited states are substan-
tially Doppler shifted in the laboratory frame, which requires a
back transformation of the g�ray energy into the nuclei’s rest
frame system. The achievable energy resolution after the Doppler
correction depends mainly on the following factors: (i) the
intrinsic detector energy resolution, (ii) the effective opening
angle of the utilized g�ray detectors, (iii) the accuracy of the
position and velocity determination of the heavy ion at the
moment when the g�ray decay occurs. Position measurements of
the individual beam particles are mandatory to track the heavy
ions’ paths in front of and behind the reaction target. Due to
forward peaked small scattering angles at relativistic energies an
accurate transversal position determination of the g�ray decay

www.elsevier.com/locate/nima
dx.doi.org/10.1016/j.nima.2009.11.017
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point in the plane perpendicular to the beam axis is obtained.
However, the longitudinal position determination along the beam
axis depends on the reaction target’s thickness and the lifetime
of the excited state. Moreover, the velocity of the heavy ions at
the g�ray emission time is needed. Velocity measurements are
also necessary before and after passing the secondary target as
the secondary beam has generally a considerable momentum
spread. The accuracy of the velocity determination is heavily
affected by the lifetime of the excited state and the thickness of
the reaction target. A considerable fraction of g�ray decays can
occur during the slowing down process within the target. As a
consequence, the exact velocity at the moment of g�ray emission
stays uncertain, causing an imperfect Doppler correction, i.e., a
broadening and a specific lineshape of the Doppler corrected
g�ray peaks.

To which extent the lineshape of a g�ray peak is affected
depends not only on the excited state’s lifetime but is closely
related to the geometry of the specific g�ray detection array and
experimental setup. In this paper, we will focus on lifetime effects
for in-beam g�ray spectroscopy with the RISING array [3],
operated at the S4 focal plane of the fragment separator FRS
[4] at GSI, Darmstadt. This experimental setup employs high
resolution in-beam spectroscopy at the highest velocities to date.
We commence with general remarks on the Doppler shift
correction for in-beam g�ray spectroscopy. Monte-Carlo simula-
tions are performed to study and disentangle the different
contributions to the line shape of the g�ray peaks. Finally,
experimental lineshapes from in-flight decay at � 200 MeV=u

kinetic energy after secondary fragmentation reactions are
compared to simulations.
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Fig. 1. Mean z-coordinate of the decay position /zgS as a function the excited

state’s halflife for three different secondary beam velocities. See text for details.
2. General remarks on the Doppler correction

Gamma-rays emitted from excited nuclei moving at relativistic
energies are strongly Doppler shifted. The detected g�ray energy
Eg in the laboratory frame is related to the transition energy Eg0 in
the rest frame by the Doppler formula through:

Eg
Eg0
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

q
1� bcosWg

: ð1Þ

Here, Wg is the angle between the emitting particle and the
emitted g�ray in the laboratory frame, respectively. The resulting
energy resolution after performing the Doppler correction of
measured g�ray energies Eg is given by

DEg0

Eg0

� �2

¼
bsinWg

1� bcosWg

� �2

ðDWgÞ2

þ
b� cosWg

ð1� b2
Þð1� bcosWgÞ

 !2

ðDbÞ2þ
DEintr

Eg

� �2

: ð2Þ

Three factors determine the energy resolution after applying the
Doppler shift correction: (i) angular uncertainty between particle
and photon DWg, (ii) beam velocity uncertainty Db, and (iii)
intrinsic energy resolution of the g�ray detector DEintr. The first
two uncertainties in the g�ray emission angle Wg and the beam
velocity are affected by the lifetime of the decaying states.

2.1. Angular uncertainty between particle and photon DWg

Data on three points is required to reconstruct the angle Wg.
These are (i) the position of the particle at the moment of
g�ray emission, (ii) the position of the emitting particle down-
stream of the target, and (iii) the position of the detected g�ray.
With this information two vectors are created spanning the
angle Wg.

For thin targets and short lifetimes, the finite size of the g- ray
detectors yields the major contribution to the uncertainty DWg. To
obtain the point of g�ray decay, a suited method is to utilize a
position sensitive target. Elsewise position sensitive detectors are
used for tracking the individual beam particles upstream or
downstream the target to reconstruct the reaction position. As the
scattering angles of the particles are typically small ðr43

Þ at
relativistic energies, the position information perpendicular to the
beam axis can be obtained with good accuracy. For the z-
coordinate along the beam axis only the target position itself can
be used as an assumption for the z-coordinate of the g�ray decay
and the reaction points. Typical target thicknesses are in range of
a few hundred mg=cm2 up to several g=cm2. If low density targets
such as liquid hydrogen (r¼ 70 mg=cm3) are used in the
experiment, the target thickness along the beam axis may even
reach several cm.

As the z-coordinate of the reaction point inside the target
cannot be determined, thick targets contribute to a considerable
amount to the uncertainty DWg, in particular for detectors placed
at 903. Moreover, the uncertainty in DWg for the Doppler shift
correction is increased by the lifetime of the excited state.
The particles move along the beam axis away from the target
position before emitting g�rays, thereby changing Wg. Taking into
account the time t in the moving system between excitation
and decay of a nuclear state and neglecting the velocity change
due to energy loss inside the target, the position of the
g�ray decay along the beam axis in the laboratory system shifts
by zg ¼ tbgc, which will consequently alter the angle Wg.
This change in angle cannot be corrected on an event-by-event
basis. For a known lifetime the mean z-coordinate of the
decay position /zgS¼ T1=2bgc=ln2 has to be taken into account
for the Doppler correction (the target center is z¼ 0). The mean
decay position for three different beam velocities are shown as a
function of the halflife in Fig. 1. For long halflives of more than
50 ps, which are common for Eð2þ1 Þ levels in regions of
deformations in the nuclear chart, /zgS shifts by several cm.
Typically, g�ray spectrometers have distances of several tens of
cm to the target. Therefore, such a shift in decay position is
considerable and illustrated in Fig. 2 for three halflives of 100,
200, and 300 ps at a beam velocity of 100 MeV=u. The decay
position distribution along the z-axis cannot be accounted for in
the Doppler correction and affects the obtainable energy
resolution of the experiment.
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2.2. Beam velocity uncertainty Db

While penetrating the target, the beam and its fragmentation
products undergo an energy loss, which is well described by
theoretical work [5]. Depending on the ratio between the lifetime
of an excited state and the transmission time necessary to
penetrate the target, i.e., its thickness, the g�ray decay will occur
either predominantly inside or behind the target. In the latter
case, the velocity at the moment of g�ray decay can be deduced
from a velocity (time-of-flight) measurement after the target. In
many cases, however, a considerable amount of decays will occur
inside the target. Consequently, the exact velocity at the moment
of g�ray emission cannot be determined. In these cases, the
Doppler correction must be done with an average velocity /bgS
of the particle at the moment of g�ray emission assuming a
certain lifetime of the excited state (unless it is known). However,
for a given halflife, /bgS depends on the incoming beam velocity.
To perform an event-by-event based Doppler correction, every
measured velocity before reaching (bt) or after leaving (at) the
target, bbt=at, must be correlated with its according /bgS from
simulation.

Because the stopping power dE=dX depends on several
parameters, the impact of the velocity uncertainty for the event-
by-event Doppler correction is illustrated by a typical example.
For a beam of 112Sn impinging on a 500 mg/cm2 197Au target at
energies of 142, 150, and 158 MeV=u Fig. 3 displays /bgS as a
function of the halflife of an excited state. A constant excitation
cross-section along the nuclei’s path through the target and no
momentum spread of the beam for the different energies is
assumed in the simulations. The /bgS separation for the different
lines becomes slightly larger with increasing halflife. For short
halflives the change in /bgS is most pronounced. Excited states
with halflives of Z1000 fs decay predominantly after the target.
For these cases, /bgS almost matches the velocity after the target.
A different pattern is observed for low atomic number Z, low
density targets, as 9Be. Due to the higher stopping power of Be in
units of MeV=mg=cm2, the energy loss in a 500 mg/cm2 197Au
target for a 112Sn beam at 150 MeV=u is equal to the energy loss in
a 315 mg/cm2 9Be target. Be has a much lower density
(r¼ 1:85 g=cm3 compared to r¼ 19:3 g=cm3 for Au) and /bgS
changes considerably up to longer halflives of several ps, as shown
in Fig. 4.

For secondary beams with momentum distribution the mean
velocity at the moment of g�ray emission //bgSS corresponds
to the mean velocity before or after the target, /bbt=atS. The
difference between bbt=at to the respective mean value of
the distribution, /bbt=atS, can be correlated with the difference
of the corresponding /bgS and the mean velocity at the moment
of g�ray emission, i.e., //bgSS, of the distribution. In Fig. 5 this
is shown for halflives of 0, 500, and 1000 fs and the 112Sn beam
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hitting the 197Au target. The result are straight lines, their slope a
increasing slightly with increasing halflife. For thin targets, i.e.,
only very little energy change, a is close to unity. If the velocity is
measured before the target, a must be greater than one, for
measurements after the target, it must be smaller than one. The
slope a can be used for an event-by-event Doppler correction
using the equation:

bDoppler ¼//bgSSþa� ðbbt=at �/bbt=atSÞ: ð3Þ

The combined consequences of the z-coordinate and velocity
uncertainty on the g�ray energy resolution and efficiency in a
real experiment will be demonstrated and discussed in the
following sections. The obtained results are based on Monte-
Carlo simulations and on experimental investigations performed
with the RISING setup [3] at GSI, Darmstadt.
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3. The RISING setup

RISING combines the fragment separator FRS [4] at GSI with a
g�ray spectrometer to observe decays from excited states of
exotic nuclei. The Fast Beam setup of RISING consists of three sub-
arrays: 15 Cluster High Purity Ge detectors [7], eight MINIBALL
High Purity Ge detectors [8], and eight Hector BaF2 detectors
[9,10]. Details of the experimental setup and particle identifica-
tion before and after passing the secondary target can be found for
example in Refs. [3,4,6]. Here, it is sufficient to know that the
energy spread of the heavy ions in front of the secondary target is
measured by the time-of-flight between two scintillation detec-
tors. The outgoing particle direction and the reaction point are
determined via position sensitive Si detectors mounted directly
after the secondary target and 1400 mm downstream.

The g�ray detectors are mounted at different angles and
distances, as shown schematically in Fig. 6. The Cluster detectors,
each containing seven individually encapsulated crystals, are
positioned at the most forward angles in three rings of 163, 333,
and 363. They can be placed at distances between 700 and
1400 mm to the secondary target. The six-fold segmented
MINIBALL triple detectors are arranged in two rings of 513 and
853 and can be positioned at distances varying between 200 and
400 mm. The BaF2 detectors are situated at angles of 853 and 1423

and distances of 350 mm.
Fig. 6. (Color online) Schematic drawing of the RISING Fast Beam array. For

references and details see text.
4. Lineshape simulations of the RISING setup

The lineshape and energy resolution after applying the
Doppler correction are investigated via Monte-Carlo simulations
for the two types of high-resolution RISING detectors, the
MINIBALL and the Cluster detectors. The GEANT4 simulation
package [11] is employed. As before, the lineshape caused by DWg
and Db are discussed separately. The detectors are placed in close
geometry, i.e., the distance of the Cluster detector front side to the
target is 700 mm and the distance of the MINIBALL detector front
side is 200 mm. The MINIBALL detectors are six fold segmented
allowing a better localization and position determination for the
incoming g�ray. Only events with an interaction in solely one
crystal for the Cluster detectors or solely one segment for the
MINIBALL detectors are accounted for.

4.1. Lineshape due to de-excitation along the beam axis

Neglecting the energy loss in the target, the distance traveled
by the particles between excitation and de-excitation depends on
the velocity and on the lifetime of the excited state. In the
simulations, a g�ray of 500 keV is emitted at a beam energy of
100 MeV=u and halflives from 0 to 100 ps are assumed. Fig. 7
shows the resulting lineshapes, which are caused by the
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Fig. 7. Simulated Doppler corrected detector response for the Cluster (upper

panel) and MINIBALL detectors (lower panel) for a g�ray of 500 keV emitted at
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100 ps (blue dashed). The insets show the detector response when the uncertainty
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simulation. (For interpretation of the references to the color in this figure legend,

the reader is referred to the web version of this article.)
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broadening due to the opening angle of the detector and the
lifetime of the decaying state. For the Doppler correction,
g�ray emission at the middle of the target (/zgS¼ 0) is
assumed. For T1=2 ¼ 0 ps the centroid of the peak distribution
lies at 500 keV. As T1=2 increases, the centroid of the distribution
shifts to lower energies. This is caused by the increase in angle
between the g�ray detectors and the beam particle trajectory,
leading to an exponential tail towards lower energies. The reason
of this behavior can be demonstrated by neglecting the Doppler
broadening due to the detectors’ opening angles in the simulation,
as depicted in the insets of Fig. 7. To achieve this, the simulated
first interaction point of the g�ray in the detectors’ crystals is
used for the Doppler correction.

The peak position shift depends on the position and distance of
the g�ray detectors. For a fixed distance to the target, the shift
shows a maximum where the derivative of the square root of the
first term in Eq. (2), given by

d

dWg
bsinWg

1� bcosWg
¼

bðcosWg � bÞ
ð1� bcosWgÞ2

ð4Þ

is zero. This is the case for cosWg ¼ b, yielding values of 653, 553,
and 493, for energies of 100, 200, and 300 MeV=u. As the MINIBALL
detectors are located in close distance to the target and all the
individual segments cover W�angles in the range from 413 to 1013,
they are very sensitive to decays along the beam axis. On the
other hand, the Cluster detectors are less affected due to the small
W�angles and large distances of the crystals to the target. This
explains the considerable difference between the two detector
groups in Fig. 7.

A linear dependence between the shift of the centroid of the
peak position and the halflife of the excited state is obtained as a
result. The relative energy shift, given in %, is shown in Fig. 8 as a
function of the excited state’s halflife for a beam energy of
100 MeV=u.
4.2. Lineshape due to g- ray decay during the deceleration inside the

target

The second major contribution to the lineshape of the g�ray
peaks is caused by the fact that g�ray decay may occur during the
emitting particles’ deceleration in the target. Here the uncertainty
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Db depends on the specific combination of target, beam nuclei,
beam energy, and halflife of the excited state. Lineshape effects
are demonstrated quantitatively by the specific example of a
112Sn beam impinging at 150 MeV=u on a 500 mg/cm2 197Au
target, like in Section 2.2. The simulated 2þ1 -0þg:s: decay with an
energy of 1256.85 keV [12] is reflecting the de-excitation process
after a direct one step Coulomb excitation reaction. An accepted
halflife of T1=2 ¼ 0:37ð2Þps [12] can be used for the decay. To
demonstrate lifetime effects, we vary the halflife and simulate the
decay with halflives of 0:5 � T1=2;1 � T1=2, and 2 � T1=2, i.e., 185, 370,
and 740 fs, respectively.

The velocity or b distributions at the moment of g�ray
emission are shown in Fig. 9. The number of g�rays emitted
after the target increases with increasing lifetime causing the
unique value of bat ¼ 0:46 at low velocities for all three cases. In
case Doppler correction is applied using the measurable
bat�value, energies from g�rays decaying after the target will
be shifted to the proper energy. Decays within the target are
shifted to wrong energies according to the spread in velocity
reflected in the second term of Eq. (2).

Generally, if cosWg4bg, the resulting energy shift will be
towards too high energies, while for cosWgobg the shift will be
towards too low energies. The Doppler corrected spectra of the
112Sn transition for the Cluster and MINIBALL detectors are shown
in Fig. 10. As the Cluster detectors occupy low Wg angles, a tail
towards high energies occurs. The MINIBALL detectors are
positioned around cosWg ¼ bg and only a minor influence from
Dbg is visible. The insets of Fig. 10 illustrate again the lineshape
for the case when the opening angle Doppler broadening and
intrinsic energy resolution are disregarded in the simulation. As
expected, the lineshape of the Cluster detectors resembles the bg
distribution and Doppler corrected g�ray energies are shifted up
to 10% above the transition energy. For the MINIBALL detectors
the effect is much smaller and almost symmetric, as shifts
towards lower and higher energies are involved. The ratio of
observed correct peak to tail ratio corresponds exactly to the ratio
of g�ray decays occurring after or within the target. Therefore, a
precise determination of the lineshape, especially the asymmetry
of the peak, enables a measure of the lifetime of an excited state.

The peak centroid deviation from the correct transition energy
after applying the Doppler correction using bat is shown in Fig. 11 as
a function of the halflife of the excited state. For this particular
projectile, beam energy, and target combination, only the Cluster
detectors are affected. With measurable bat�values after the target
the Doppler corrected transition energy deviates from the correct
value up to more than 2%. A Doppler correction using /bgS for
150 MeV=u from Fig. 3 shifts the energy centroid towards the proper
β at Point in Time of γ-Ray Emission
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position. Therefore, without presumption of the lifetime of the de-
excitation g�ray, the transition energy assignment is limited to a
precision of 71% from the Cluster detectors alone in this case.
5. Experimental results

Lineshapes of the 1þ1 -0þg:s: decay in 34Cl and the 3=2þ1 -1=2þg:s:
decay in 31S were investigated experimentally, exploiting the
two-step fragmentation technique. A primary beam of 40Ca at an
energy of 420 MeV=u was provided by the heavy ion synchrotron
SIS and impinged on a 9Be target with 4 g/cm2 thickness. From the
primary reaction products 37Ca was selected and incident on a
700 mg/cm2 secondary 9Be target at 195.7 MeV=u to excite states
in 34Cl and 31S after a secondary three proton and a four proton
two neutron removal reaction, respectively. Details on the
separation and identification of the secondary beam in this
experiment can be found in Refs. [6,13]. The time-of-flight
through the secondary target was � 23 ps.

5.1. Lineshape of the 1þ1 -0þg:s: decay in 34Cl

The 1þ1 -0þg:s: in 34Cl has a known de-excitation energy and
halflife of 461 keV and 5.2(3) ps, respectively [12]. However, in the
experiment a weak 2þ1 -1þ1 transition was observed with a
strength of 12(6)% relative to the 1þ1 -0þg:s:. As the 2þ1 state has an
adopted much longer halflife of 13.7(9) ps [12], the feeding has to
be accounted for, resulting in an effective halflife of 6.8(9) ps. The
Doppler corrected g�ray spectra for the Cluster and MINIBALL
detectors are shown in Fig. 12. The measured spectrum is
compared to simulated spectra assuming halflives of 0, 5, and
20 ps for the excited state. In both cases, experiment and
simulation, the same /batS¼ 0:531 values and /zgS¼ 0 as
target positions were used. The background in the simulations
was adopted from the experiment by a linear fit in the region
between 400 and 520 keV after subtracting the peak integral. The
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peak integral of the simulations was normalized separately to the
experimentally observed integrals in the Cluster and MINIBALL
detectors.

As no attempt was made in the Doppler correction to correct
for lifetime effects, the simulated peak energy position clearly
shifts as a function of the halflife. A w2 test between experiment
and simulation was performed. For the simulation the halflife
value T1=2 of the excited state was varied. Yet always the same
/batS and /zgS¼ 0 values were used for the Doppler correction.
The w2 is given by

w2 ¼
XN

i ¼ 1

ðIi
gsim � Ii

gexpÞ
2

s2
i

ð5Þ

where N is the number of bins, Ii
gexp and Ii

gsim the number of
experimental and simulated counts in the respective bin, and si

the statistical error of counts in the respective bin.
The results of the w2 test for the observed 1þ1 -0þg:s: line in 34Cl

are shown in Fig. 13. The test was done for 10 energy bins of the
Cluster spectrum between 440 and 480 keV and 12 energy bins of
the MINIBALL spectrum between 432 and 480 keV. The
experimentally observed halflife corresponds to the minimum of
the w2 distribution. Applying a quadratic fit around the minimum,
the error (s) can be determined from the following equation (see
for example Ref. [14], p. 146):

@2w2

@T2
1=2

ðT1=2 ¼ Tmin
1=2 Þ ¼

2

s2
: ð6Þ

Using Eq. (6) results in halflives of 4.0(9) ps and 2.2(20) ps for the
Cluster and MINIBALL detectors, respectively, for the
1þ1 -0þg:s: decay.
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Fig. 13. w2 test of the observed 1þ1 -0þg:s: decay in 34Cl for the Cluster (top panel)

and MINIBALL (bottom panel). In the simulations the decay’s halflife was varied

between 0 and 20 ps in steps of 1 ps.
Systematic errors may arise mainly from the uncertainty of the
position of the detectors relative to the target and the determina-
tion of the average b value after the target. As discussed in
Sections 4.1 and 4.2, the former affects primarily the MINIBALL
array while the latter influences the Cluster detectors. To
investigate the systematic errors, two independent sets of
simulations were performed. In the first set the target position
was shifted by 71 mm along the beam axis relative to the
g�ray spectrometers. The resulting simulated w2 minimum
shifted by 70:3 ps for the Cluster detectors and 73:6 ps for the
MINIBALL detectors, respectively. In the second set of simulations
the /batS value used for the Doppler correction was shifted by
70:001. This resulted in a shift of the w2 minimum of �0:7 and
þ1:3 ps for the Cluster detectors, while the shift of the w2

minimum for MINIBALL was negligible. The systematic error’s
asymmetry in the Cluster detector arises from the flat slope of
/batS towards long halflives, as discussed in Section 2.2, which is
also the cause for the asymmetry in the w2 distribution.

Thus, for the 1þ1 -0þg:s: decay in 34Cl values of 4:070:9
ðstatÞþ1:3

�0:8 ðsysÞps and 2:272:0ðstatÞ73:6ðsysÞps were found for
the Cluster and MINIBALL detectors, respectively, which is lower
than the effective halflife that includes feeding contributions. It
must be emphasized that the secondary beam energy and target
thickness were not designed to measure lifetimes specifically.
Furthermore, due to the linear correlation between energy shift
and halflife of an excited state, as shown in Fig. 8, the systematic
error of the MINIBALL detectors is independent of the halflife,
offering an interesting tool to measure halflives Z20 ps. The
obtained lifetime results illustrate the additional potential use of
the line shape effects at different detection angle. While the
Cluster detectors are well suited to draw conclusion on the
lifetime and show a distinct w2 minimum, the MINIBALL position
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is not sensitive to this quantity as the effective halflife is too short
in this case.

5.2. Lineshape of the 3=2þ1 -1=2þg:s: decay in 31S

As second example the 3=2þ1 -1=2þg:s: decay in 31S is used to
demonstrate the possibility to deduce lifetime information of
observed peaks following in-beam g�ray spectroscopy at relati-
vistic energies. The literature values for energy and halflife are
1249 keV and 500(125) fs, respectively [12]. The Doppler cor-
rected g�ray spectra are shown in Fig. 14. The same procedure to
find the excited state’s halflife was repeated. The background was
fitted by a linear function in the region in between 1150 and
1350 keV after subtracting the peak integral. The w2 test was
applied for 13 bins in the region from 1208 to 1312 keV and for 15
bins from 1184 to 1304 keV, for the Cluster and MINIBALL
detectors, respectively.

The w2 distributions are shown in Fig. 15. Around the w2

minimum a quadratic fit was applied, resulting in halflives of
0:870:5ðstatÞþ0:9

�0:6 ðsysÞps and 2:273:3ðstatÞ73:6ðsysÞps for the
Cluster and MINIBALL detectors, respectively. The systematic
errors were deduced in the same way as for the 1þ1 -0þg:s: decay in
34Cl. Also this example illustrates the potential use of the detected
lineshape for lifetime investigations at a much shorter time scale
in case the detector positions are well located. Despite the relative
error bars the applied method shows that a clear lifetime limit can
be stated. A more precise result in analyzing the lineshape of
halflives below 1 ps can be obtained in future experiments by
employing a target with a higher stopping power per path length,
i.e., higher density and atomic number.
6. Conclusions

A precise determination of transition energies in relativistic
two-step fragmentation experiments with considerable thick
targets needs to consider the lifetime of the g�decaying state.
Uncertainties of the energy measurement are caused by the
Doppler correction and its dependence on the change of mean
velocity /bgS and the decay position /zgS of the emitting excited
nucleus. These two observables are typically not accessible in the
experiment and cause variation of the energy after Doppler
correction and characteristic line shape effects. Here the details of
the chosen detector geometry, beam energy, projectile and target
nuclei, and target thickness is crucial in order to describe the
observed differences to symmetric energy peaks.

In case of a known transition energy of the de-excitation
g�ray the potential use of the described effects is a novel
approach for lifetime determination. The explicit and rapid
change of lineshape and peak position at different detection
angles as a function of lifetime allows fitting of the measured
distribution with simulations and applying a w2 test. For lifetimes
below one ps it is favorable to use high density targets (e.g. Au or
Pb) at forward W�angles close to the beam axis. Low density
targets as Be or plastic compounds are suitable for lifetimes up to
a few tens of ps. Longer lifetimes are best deduced from detectors
positioned at cosWg ¼ bg and are nearly independent from the
choice of target material. For unknown transition energies a two
dimensional w2 test is necessary, varying the transition energies
and halflives in the simulations.

In the RISING spectrometer the Doppler broadening due to the
detectors’ opening angles is generally quite large compared to
lifetime effects. However, with the advent of the next generation
position sensitive g�ray spectrometers, as AGATA [15] or GRETI-
NA [16], the opening angle will be minimized, thus becoming
more sensitive to lineshapes and peak position shifts caused by
the lifetimes of excited states in in-beam g�ray spectroscopy.
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1. Introduction

In-beam nuclear structure studies by means of γ-ray spectroscopy will
be the aim of HISPEC/NUSTAR Collaboration at FAIR [1]. The HISPEC
forerunner experiment — PRESPEC, is currently being prepared at GSI.

At FAIR, radioactive ion beams (RIB) will be produced in fragmenta-
tion of relativistic heavy ions delivered by the SIS synchrotrons. Fragments
with a sufficiently long half-life T1/2 ≥ 100 ns, will be selected by the frag-
ment separator Super-FRS and slowed down to intermediate kinetic energies
of 50–150AMeV. The radioactive projectiles impinging on a secondary re-
action target placed at the Super-FRS focal plane will be used to induce
nuclear reactions: multi-nucleon transfer, fragmentation or Coulomb excita-
tion. The emitted nuclear radiation: γ-rays, particles and fragments will be
registered by a complex set of detectors surrounding the experimental area.
The HISPEC campaign will be a follow up of a series of successful measure-
ments performed at GSI with the RISING setup [2]. RISING has delivered
not only new and valuable nuclear structure results [3], but was an impor-
tant source of unique knowledge concerning the experimental technology, as
it operated at relatively high beam energies with respect to the similar facil-
ities available worldwide. The experience gained at RISING contributed to
better understanding of the origin of an excessive prompt γ-ray background
and its effective reduction. It allowed for developing in-beam spectroscopy
methods to be used at the newly designed setups as γ-ray angular distribu-
tion and lifetime measurements.

2. Prompt γ-ray background at intermediate RIB energies

In the RISING setup, γ-ray detectors were positioned around the sec-
ondary target in the FRS focal plane. The setup originally consisted of an ar-
ray of 15 HPGe clusters of EUROBALL placed around the beam axis at for-
ward angles and a set of 8 large volume BaF2 HECTOR detectors mounted at
backward angles. Before hitting the target, beams of radioactive fragments
selected by FRS passed through a series of energy degraders, beam moni-
toring detectors and slits. Scattered projectiles and reaction products were
identified and stopped in a position sensitive ∆E − E telescope, which for
the reason of very limited space was mounted just behind the EUROBALL
array. Particles and electromagnetic radiation emitted in collisions of the
fast fragments with the surrounding matter caused an excessive background
seen in the γ-ray detectors. Fig. 1(A) demonstrates a typical prompt γ-
spectrum measured in the Ge clusters in the reaction of scattering 54Cr
fragments on a gold target at 100AMeV kinetic energy. In the spectrum,
on top of the dominant smooth background, one sees a group of Doppler
broadened γ-lines characteristic for the inelastic scattering of fast neutrons
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Fig. 1. (A) Prompt γ-ray spectrum measured in coincidence with RIB. There are
peaks induced by fast particles (as marked) on top of the excessive background
(filled area). (B), (C) Not Doppler corrected γ-ray spectra measured in coinci-
dence with RIB scattered on a gold target. Position of the 547 keV transition from
Coulomb excited 197Au is indicated. The low energy atomic background is shad-
owed. (D) Respective γ-ray spectrum registered with the stable 132Xe beam. In
the inset, the 667 keV, 2+ →0+ transition seen in the Doppler corrected spectrum.

on aluminum, the main component of the reaction chamber. Sharp 26Mg
transitions also visible in the spectrum, suggest occurrence of the quasi free
proton scattering reaction: 27Al(p, 2p)26Mg induced by protons with energy
Ep > 100 MeV, produced in the collisions. A direct interaction of particles
(p, π, e) with the Ge crystals could explain a saturation of detector pream-
plified signals that were observed in a beam pulse, predominantly in the
five clusters mounted close to the beam-line. These signals were associated
with the cluster multiplicity close to the maximum fold of 7. Parallel use
of digital XIA DGF cards, besides the standard analog VXI electronics, for
reading out a few of the Ge detector channels allowed for filtering out these
irregular signals. Inversely, the requirement of only low folds in the clusters
guaranteed that properly shaped signals induced by γ-rays were accepted for
the acquisition. As it was shown in [2], γ-ray measurement with HECTOR
allowed to determine the origin of the registered radiation due to the very
good timing properties of the BaF2 crystals. It turned out that in addition to
γ-rays from the target, strong radiation was emitted at the FRS side. On the
other hand, the beam stopper was also identified as a source of huge γ-ray
background. In the EUROBALL detectors, likewise in HECTOR, selection
of a narrow window in the projectile-γ time spectrum, which corresponded
to the target prompt γ-emission events, allowed to suppress the unwanted
background radiation emitted downstream and upstream of the beam line.
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At intermediate beam energies, atomic processes are the important con-
stituents of the prompt γ-ray background. In this energy regime intense
bremsstrahlung is expected to be orders of magnitude stronger than the
nuclear radiation, and depending on the incident beam velocity may reach
energies of several hundreds keV [2]. In Fig. 1(B), (C) and (D) are shown non
Doppler corrected γ-ray spectra measured in Coulex reactions with RIB: 68Ni
at 600AMeV, 54Cr at 100 AMeV, and a primary 132Xe beam at 100AMeV,
respectively. In all the three cases γ-rays were registered in coincidence with
scattered projectiles selected by the HI detectors before and after a gold
target. In the γ-spectra obtained with the fragmented beams, one notices
intense low energy atomic background which in the case of the 600 AMeV
68Ni beam extends to almost 1MeV. In contrast, in the spectrum registered
in the reaction with the stable 132Xe projectiles such increase of the back-
ground is not observed. The excessive atomic background induced by the
secondary beams may be associated with their large spatial spread that re-
sulted in scattering on the surrounding material. Indeed, a RIB spot size
was measured to be about 20 cm2 at the target position, whereas for the
stable beam it was close to 1 cm2.

Fig. 2. (A) Splitting of the 814 keV line from 36K due to γ-ray emission at the
different fragment velocities: β1 = 0.53, β2 = 0.49 and β3 = 0.43. The best fit to
the data yielded the 36K, 3+ level lifetime of 28(6) ps. In the inset, a sketch of
the plunger device. (B) The 814 keV transition in 36K measured in the secondary
fragmentation reaction of 37Ca on a Be target.

3. Gamma-ray spectroscopy methods developed at RISING:
γ-ray angular distribution and lifetime measurements

Spectroscopic investigations of exotic nuclei reveal evolution of the struc-
ture of magic nuclei. They come across new regions of nuclear deformation
far from stability. Experiments performed so far at the intermediate energy
RIB facilities explored these phenomena through measurements of transition
energies and B(E2) rates.
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Coulomb excitation is the ideal tool to study low lying levels in the un-
stable long-lived nuclei. However, in the intermediate energy range, Coulex
cross-section measurements may suffer from not negligible contribution of
nuclear reactions that can appear at small impact parameters but are not
fully controlled in the experiments. The admixture of the nuclear interac-
tion might perturb the determination of the B(E2) probabilities estimated
from the Coulex theory. RISING experiments have shown that the elec-
tromagnetic interaction along with the residual nuclear forces present in
the inelastic scattering reactions accounted for the measured γ-ray angular
distributions W (θ). Despite the large composite detector size and their big
angular overlap, theW (θ) functions were determined by grouping individual
EUROBALL detector crystals in shells at four distinct angles. Comparison
of the experimentalW (θ) for the target and the projectile nuclei with model
calculations allowed for more precise estimation of the Coulex cross-section,
thus B(E2) in some cases. More details are given in Ref. [4].

Alternatively to Coulex, in promptly-decaying exotic nuclei, excited
states may be populated in secondary fragmentation reactions. In such
a case, the corresponding B(E2) transition rates can be deduced from the
transition energies and level lifetimes τ . At RISING, a pioneering lifetime
measurement making use of a simple plunger prototype was performed. The
plunger consisted of three equidistant iron plates that acted as secondary
targets and degraders at the same time (cf. the inset in Fig. 2.(A)). The
distance ∆ between the plates could be adjusted according to the expected
range of τ . RIB selected in FRS impinging in the plunger targets yielded to
fragmentation. Gamma-radiation emitted from the secondary fragments oc-
curred at a velocity that gradually decreased as the fragment passed through
consecutive degraders. The variable γ-ray Doppler shift resulted in the
γ-line splitting. The transition intensity was shared between the three peaks
according to τ and ∆. In Fig. 2(A) it is shown a summed γ-ray spectrum
of all Cluster detectors recorded in coincidence with the 37Ca projectiles of
the 200 A MeV initial energy, produced in the fragmentation of 48Ca. The
36K secondary fragments from the most intense 1p removal reaction channel
were simultaneously selected. The three components of the 814 keV line
corresponding to the 3+ → 2+ ground state transition in 36K are weak but
clearly seen. For comparison, Fig. 2(B) presents the same line measured
in the fragmentation of the 37Ca beam on a monolithic Be target. In or-
der to extract the lifetime of the 3+ state in 36K, so far unknown, the 814
keV line shape was compared to a calculated distribution. This solution
was more appropriate than a simple intensity analysis of the three peaks,
since the low statistics imposed the necessity of summing data obtained for
the two distances: ∆ = 2 mm, ∆ = 8 mm and all detection angles. In the
model calculations, the Lorentz boosted γ-rayW (θ) function, which strongly
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depends on the radiation source velocity, and the γ-ray emission inside de-
graders were taken into account. The best fit to the data was obtained for
τ = 28(6) ps. This value is comparable with the lifetime of the analogous 3+

level at 788 keV in the 36Cl mirror nucleus, which amounts to τ = 20(2) ps.
More details on the lifetime data analysis will be given in a forthcoming
publication.

4. Conclusion and perspectives

The results from the RISING in-beam measurements show that the ex-
cessive γ-ray background induced by fast RIB can be effectively reduced by
minimization of the secondary beam spatial spread and application of an
appropriate γ-ray detector shielding. On the other hand, in the new Ge
detector setup planned at FAIR, application of fast signal reset preampli-
fiers and a digital readout electronics will be essential for selecting properly
shaped signals. Moreover, a good time resolution of the electronics will play
important role in filtering out the intense γ-radiation emitted outside the
reaction target. These conditions will be fulfilled by the new generation Ge
detector array AGATA. The use of the complete AGATA array at HISPEC
and the AGATA demonstrator at PRESPEC will be advantageous in ex-
periments aimed at γ-ray angular distribution measurements. The AGATA
modularity will provide a flexible detector geometry that can be optimized
for a particular experiment in order to cover the maximum angular range,
thus increasing the array efficiency. Still, the array γ-ray tracking capability
should allow for maintaining a very good angular resolution of the order
of 1◦, and to some extent by using imaging techniques, reproducing the
γ-ray emission point. Already in the PRESPEC phase, the setup sensitivity
is expected to be by more than 10 times greater, with respect to RISING.
Therefore, the lifetime plunger measurements, will be feasible for reaction
channels much weaker than those studied at RISING.

This work is supported by the Polish Ministry of Science and Higher
Education Grants No: NN202 309135, NN202 109936 and NN202 240637.
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First results will be reported from g-factors studies of isomers in exotic nuclei, which were carried out 
within the g-RISING (Rare Isotope Investigations at GSI) project. The isomeric g factors were measured 
using the Time-Differential Perturbed Angular Distribution (TDPAD) method. GSI is the only facility 
where intense beams of fully stripped heavy ions (A ≥ 80) ions can be separated, which allows the 
preservation of the orientation of the nuclear spin ensemble as obtained in the fragmentation reaction. 
Isomers in the A ≈ 130 nuclei were populated in relativistic projectile fragmentation of a 136Xe beam at 
600 MeV/u provided by the SIS synchrotron at GSI. It was impinging on a 1 g/cm2 Beryllium 
production target located at the entrance of the fragment separator (FRS). The final reaction products 
were stopped in a Copper plate in the final focal point of the FRS, which was mounted between the 
poles of an electromagnet, and provided a perturbation-free environment for the implanted isomers. The 
nuclei of interest were identified on an event-by-event basis and ion-γ coincidences were recorded in the 
experiment. The isomeric γ decay was detected with eight Cluster Ge detectors (four of them with BGO 
shields) mounted in a ring in the horizontal plane, providing a singles γ-ray efficiency ε ≈ 3% at 1.3 
MeV. An overview of the experimental technique will be given, together with of the performance of the 
array. The presentation will focus on the results for the 19/2+ 4.5 µs isomer in 127Sn, which will be 
compared to large scale shell-model (LSSM) calculations.     
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Within the RISING (Rare ISotope INvestigations @ GSI) Collabora-
tion at GSI, g factor measurements have been performed on isomeric states
in neutron-rich isotopes approaching 132Sn and in the neutron deficient
Pb-region (the g-RISING campaign). We present the experimental tech-
nique and some typical aspects related to such studies on relativistic beams
selected with the FRS fragment separator. First results are presented
for the (19/2+) 4.5 µs isomeric state in 127Sn, which has been produced
by means of fission of a relativistic 238U beam on the one hand, and by
the fragmentation of a relativistic 136Xe beam on the other hand. Spin-
alignment has been observed in both reactions. It was the first time that
spin-alignment has been established in a relativistic fission reaction.

PACS numbers: 21.10.Ky, 24.70.+s, 27.60.+j

1. Introduction

The magnetic dipole moment, µ = g · I, is a very sensitive probe to in-
vestigate the single-particle configuration of a nuclear state, because nucleon
g factors depend strongly on their orbital and total momentum. High-spin
isomers in the region of doubly-magic nuclei often have a rather pure single-
particle configuration, and then the g factor is a fingerprint of the unpaired
nucleon configuration [1]. Measurements of g factors can help to assign or
confirm the spin and parity of a nuclear state, especially in far-from-stability
regions, where such assignments are often based on systematics and theo-
retical predictions.

To measure the g factor of microsecond isomeric states, the Time Differ-
ential Perturbed Angular Distribution (TDPAD) method is most suited [2].
It is based on the observation of the Larmor precession of a spin-aligned en-
semble of isomers implanted in a suitable stopper that is placed in a static
magnetic field. Spin-aligned isomers are produced in most nuclear reactions,
such as fusion-evaporation [3], projectile fragmentation [4–6] or spontaneous
fission [7]. If the isomers are produced and stopped in the production tar-
get, they maintain their spin-alignment if a large enough magnetic field is
applied and if the target material has suitable properties. In such case, one
can investigate their g factor “in-beam” [2]. However, to study isomers in
exotic isotopes, one often needs to select the isomers of interest with an
in-flight fragment separator [8]. The spin-alignment in an isomeric beam
is then preserved during the selection process, only if the isotopes are fully
stripped [5, 6]. If electrons occur around the free nucleus, the hyperfine in-
teraction between the nuclear spin and the randomly oriented electron spin
causes a loss of the reaction-induced orientation during the flight through
vacuum. In some cases the alignment can be partially maintained if a noble
gas charge state is selected [9]. To obtain fully-stripped isotopes from a pro-
jectile fragmentation reaction the primary beam needs to have a sufficiently
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high energy, which increases with the mass of the desired isotope. In order
to avoid the pick-up of electrons in the particle identification detectors along
the beam trajectory, the secondary beam energy needs to stay sufficiently
high up to the point of implantation. For isotopes in the region of 132Sn,
the secondary beam energy should be at least 300 MeV/u along the whole
trajectory. Thus the primary beam has to be relativistic, with an energy
of more than 500 MeV/u. Such beams are provided at the GSI facility in
Darmstadt, Germany.

We present here the goals and some preliminary results from a campaign
to measure for the first time the g factors of isotopes with A > 100 using
relativistic beams. The Cluster HPGe detectors from RISING [10] have
been used for detecting the isomeric decay. Both fragmentation and fission
reactions were investigated. For the latter, the present experiment serves as
a proof that spin-aligned isomeric beams can be selected after a relativistic
fission reaction. Results for isomers in the region of 132Sn, produced by
both reactions mechanisms, are presented. In the neutron-rich isotopes near
132Sn, several isomers have been observed during the past decades. Different
methods were used for producing the isomers: deep-inelastic reactions [11],
spontaneous fission [12], thermal neutron-induced fission [13, 14], proton-
induced fission followed by β-decay into the isomer [15,16], relativistic fission
of a 238U beam [17] and recently also fragmentation of a 136Xe beam. To
study the g factor of these neutron-rich isomers, spin-aligned relativistic
beams as produced at the FRagment Separator FRS [18], may proof to be
one of the few available methods.

2. Experimental method and set-up

2.1. Production and selection of the isomeric beams

A primary target of 1 g/cm2 9Be (with a 221 mg/cm2 Nb stripper
foil), placed at the entrance of the FRS, is bombarded by a 238U beam
(750 MeV/u, average intensity 108 pps) to produce fission fragments or
a 600 MeV/u 136Xe beam (average intensity 2 × 108 pps) to produce pro-
jectile fragments, respectively. In both experiments, a cocktail of isotopes
around 127Sn is selected using the four dipole stages of the FRS and an Al
degrader placed in its middle focus (schematic layout shown in Fig. 1) [18].
A thickness of 5 g/cm2 Al was used to select fission fragments, while for the
projectile fragments the wedge degrader was 2 g/cm2 thick.

Ion identification is performed on an event-by-event basis using a sys-
tem of tracking detectors: two multi-wire proportional counters (MW41 and
MW42) for position determination, a MUltiple Sampling Ionizing Chamber
(MUSIC) for Z determination and two fast scintillators (position sensitive
Sc21 in the middle focus and Sc41 at the final focus) for time-of-flight (TOF)
measurements [10].
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Fig. 1. Schematic layout of the FRS and g-RISING set-up (left) and drawing of the

magnet (right).

Scintillator Sc41 is used also as a particle trigger for ions entering the
g-RISING set-up and to give the start for the subsequent γ-decay mea-
surement. A scintillator (validation) inside the magnet is used to validate
the γ-event, and another scintillator (veto) at the end of the set-up is used
to exclude events that come with an ion observed in this detector (and thus
did not stop in the stopper). Figure 2 shows the selected isotopes in both
experiments.

Fig. 2. Isotopes selected in case of a Xe-fragmentation reaction (a) and a U-fission

reaction (b).

The particle cocktail arrives at the final FRS focus with an energy of
almost 500–600 MeV/u, where all the detectors are placed with air gaps
between them. Thus the probability for picking up electrons needs to be
estimated according to the energy loss after each detector. Such calculations
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were performed using the simulation codes GLOBAL [19] and LISE++ [20].
For the fission fragments around 127Sn almost 90% of the isotopes are fully
stripped after Sc41. Their energy of about 500 MeV/u is further reduced
by a variable thickness Al degrader placed in front of the g-RISING set-up,
in order to adjust their implantation point in the stopper. To avoid the
pick-up of electrons in the air and in the validation detector behind this
degrader, the energy of the fragments needs to stay above 300 MeV/u. The
Al-degrader thickness was therefore limited to less then 3 g/cm2. To protect
the set-up from upstream radiation, a lead wall with a collimator of 70 mm
diameter is used in front of the magnet yoke, which has a hole with diameter
75 mm through which the beam has to pass (Fig. 1).
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Fig. 3. γ-spectra from 114Sn (upper panel) and 115Sn (lower panel) isomeric decays.

The isomeric transitions are shown with their energies. They are more intense for

a Cu+Cu (b) than for a plexi+Cu (a) degrader/stopper combination. In (c) the

difference spectra illustrate that the low-energy background radiation is similar in

both spectra.

A high-purity (4N) Cu foil with a size of 80× 80 mm2 and 2 mm thickness,
annealed under Ar atmosphere up to 750◦C during several hours, was used as
a perturbation free environment for the isomers. To stop a 300 MeV/u beam
in Cu, a total thickness of 4 mm is required, which is obtained by gluing
another 2 mm Cu to the stopper plate (to avoid an air gap). In [10] it was
calculated that the cross section for atomic processes leading to low-energy
background radiation in the γ-spectra increases with increasing Z of the
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target material. Therefore, we compared isomeric γ-spectra measured with
a low-Z (20 mm plexiglass) and with a high-Z (2 mm Cu) degrader fixed
to the Cu stopper (Fig. 3(a) and 3(b)). For 114Sn (Iπ = 7−, t1/2 = 733 ns)
the γ-spectrum is recorded in a [160 ns — 3 µs] time window after the ion
arrival (top row Fig. 3) and for 115Sn (Iπ=11/2−, t1/2 = 159µs) the time
window is [160 ns — 15.5 µs] (bottom row Fig. 3). The isomeric transitions
are on average 27% and 36% more intense for the Cu/Cu combination. This
is in agreement with calculations from the LISE++ code, which predicts
24% loss of isomers caused by the higher amount of nuclear reactions in
the plexi-glass degrader. Subtracting both spectra, in Fig. 3c, shows that
the low-energy background radiation in the Cu/Cu case is not significantly
larger than in the plexi/Cu case. Thus using a high-Z degrader is more
advantageous than using a low-Z one, contrary to what was believed before.
However, in the experiments we used the plexi/Cu combination.

2.2. g-Factor measurement using RISING detectors

To study the g factor of microsecond isomers, a spin-aligned ensemble
of isomers is implanted in the annealed Cu host that maintains the spin-
orientation during the nuclear lifetime. By applying a static magnetic field,
the isomeric spins are decoupled from possible remaining perturbing elec-
tric field gradients [21]. The spin-oriented ensemble performs a Larmor
precession around this vertically oriented static field. From the measured
precession frequency ωL = gµ

N
B

~
, the nuclear g factor is deduced if the ap-

plied magnetic field is known. The γ-decay is measured as a function of time
in order to observe the Larmor precession, using eight former EUROBALL
cluster detectors [22] placed in the horizontal plane around the magnet at
a distance of about 43 cm from the center (Fig. 1). Each cluster consists
of seven encapsulated HPGe crystals. For each of the fifty-six crystals, the
γ-ray energy and decay time with respect to the ion arrival time in Sc41 is
recorded in a time window of almost 20 µs. The trigger was given by a de-
layed γ detected within 600 ns to 20 µs after the ion arrival. The particle
rate in Sc41 was used as a trigger as well, but reduced by a factor 28. Thus
the event rate in the data acquisition system was typically 5000/s, with the
delayed events favored and the dead time below 40%.

In earlier projectile fragmentation reactions at intermediate [5, 6] and
relativistic [23] beam energies, positive spin-alignment was observed for iso-
mers selected in the center of their longitudinal momentum distribution
and negative alignment in the wing of the distribution. In the present
Xe-fragmentation experiment, the longitudinal momentum selection is not
made by using the slits after the target or the wedge. Instead, the slits are
fully open and the momentum selection is made off-line, using the position-
sensitivity of the middle focal plane detector Sc21.
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In the relativistic fission of a 238U beam, spin-alignment has never been
demonstrated. However, it is well-known that in spontaneous fission a strong
correlation exists between the emission direction of the γ-ray and that of the
fission fragment [7, 24]. We therefore expect to observe also spin-alignment
in a selected ensemble of relativistic fission fragments. In a first step, no
off-line momentum cut is performed, because the acceptance of the FRS
(∼ 2%) [18] is much smaller than the total width of the fission fragment
longitudinal momentum distribution (≈ 10%).

3. Results for 127Sn

Prior to our study, two microsecond isomers were reported (lower part of
Fig. 4). The 127Sn fragments produced by thermal neutron induced fission
were selected with the in-flight Lohengrin spectrometer at ILL Grenoble,
where Pinston et al. [13] observed five γ lines with a t1/2=4.5(3) µs. They

assigned a spin/parity 19/2+ to this isomeric level, based on similarities
with the decay schemes of the less exotic odd Sn isotopes. In the β-decay of
127In to 127Sn, Gausemel et al. [25] observed another microsecond isomer
to which they assigned spin/parity 23/2+, with a half life of 1.26(15) µs,
feeding the lower-lying 19/2+ state.

Fig. 4. Top: γ-spectra from the 127Sn decay. Bottom: known isomeric levels and de-

cay scheme (see text) and decay curves for the known and newly observed isomers.
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The γ-spectrum correlated to relativistic 127Sn fission fragments is shown
in Fig. 4 for different time windows. In the larger time window the five
isomeric transitions from the 19/2+ decay are marked with their energy.
The low energy of the γ transition connecting the (23/2+) and the (19/2+)
isomers is not in the sensitivity range of our Ge detectors, because of the
shielding we added to avoid the atomic background radiation, as suggested
in [10]. Therefore, the population and decay of this isomer can only be
observed indirectly through the γ-branch depopulating the (19/2+) isomer.
The background subtracted decay curve for the E = 1095 keV transition
can be fitted assuming one microsecond isomer (Fig. 4), with a lifetime in
agreement with previous values. We see no significant contribution from an
isomer above the (19/2+). A few short-lived transitions appear if only γ’s in
the first 3 µs are visualized, as shown in the right panel of Fig. 4. The newly
observed short-lived isomer, for which the decay curve is shown, has a half
life of about t1/2 ≈ 0.22 µs. This isomer is most likely the seniority three

ν(h−3

11/2
)27/2− isomer, which was observed previously also in the less exotic

Sn isotopes [11]. Further analysis to build a level scheme and to give more
arguments for the suggested spin/parity assignment, is in progress [26].

A detailed investigation of the γ spectra correlated to each isotope pro-
duced and selected by the relativistic fission of 238U (Fig. 2b), has revealed
more than thirty isomers, of which six new ones. This analysis is still in
progress [26].

The goal of these experiments was of course to demonstrate that spin-
alignment is present in the relativistic fission of 238U and to compare it to
that obtained via projectile fragmentation. The spin-alignment gives rise
to a non-zero amplitude of the R(t) function, constructed by combining
the decay curves measured for individual detectors with opposite directions
of the vertically applied magnetic field. They are labeled U (up) and D
(down), respectively (see [27] for more details). The decay curves from
detectors positioned at 90◦ and 180◦ with respect to each other (1,5 and 4,8
in Fig. 1), can be combined such that the R(t) function reduces to a simple
sine function:

R(t) =
IU(t) − ǫID(t)

IU(t) + ǫID(t)
=

3A2B2

4 + A2B2

sin(2ωLt) (1)

with IU(t) = (I1+I5) ↑ +(I4+I8) ↓ and ID(t) = (I1+I5) ↓ +(I4+I8) ↑. The
summed U and D spectra were normalized by a scaling factor ǫ to correct for
the different total statistics in each. To include also the statistics from the
inner detectors (2,3,6,7), their time-spectra have to be shifted with respect
to (1,4,5,8).
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The time shift depends on the unknown g factor:

∆t =
∆Φ

ωL

=
±30◦~

gµNB
(2)

and therefore an iterative procedure has to be applied.
Here we present the results from the R(t) functions constructed with

part of the statistics using the four detectors placed at ±45◦ and ±135◦

(following expression (1)). In the fragmentation experiment we collected
≈ 104 events in the decay curve of the 715 keV transition (for four detec-
tors and both field directions, and making a momentum cut in the wing of
the momentum distribution). The applied magnetic field was chosen such
that it would lead to an R(t) oscillation with a period of the order of the
nuclear lifetime, B ≈ 0.12 T. The obtained result is shown in Fig. 5. In the
U-fission experiment the applied magnetic field was much higher, B ≈

0.70 T, which leads to a very fast oscillation with respect to the isomeric de-
cay time. Therefore, we applied an autocorrelation analysis to fold back the
statistics from the total 15.5 µs observation time window into the first 3 µs.
In its discrete and normalized form, the autocorrelation function AC(n) is
given by:

AC(n) =

k2−n∑

k=k1

R(k)R(k + n)

k2 − k1 − n
/

k2∑

k=k1

R2(k)

k2 − k1

, (3)

where R(k) presents the data as a function of the channel number k, (k2−k1)
is the detection window and n runs up to a maximum N , the folding window,
with N << k2 − k1. If the data R(k) would describe a pure sine function
without noise components or relaxation, then also AC(n) will be a pure
sine function with the same period and with an amplitude 1. Thus any
information related to the amount of alignment is lost in such analysis. To
quantify it, the analysis will have to be done on the data including statistics
from all detectors and in the full observation window of 15.5 µs. Events
from the 715 keV and 1095 keV transitions were added to construct the
R(k) function. By taking the full momentum acceptance window, a total of
2.104 events (sum of both field directions) is collected.

The result from the autocorrelation analysis of the fission data is com-
pared to the R(t) result from the Xe-fragmentation data in Fig. 5. The
periods deduced from both experiments agree with each other, considering
that the applied magnetic field was about 5.5 times larger in the fission
experiment. Thus the deduced g factors are in agreement with each other
(a preliminary value |g| ≈ 0.16 is found) and also in agreement with the
empirical value for a 19/2+ isomer dominated by a ν(h−1

11/2
⊗ 5−) configura-

tion [27]. However, the fact that the analysed γ-transitions are fed also via
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the higher-lying isomers, will have to be considered in the analysis. Thus
firm conclusions related to the nuclear structure cannot be made at this
stage of analysis. A detailed analysis on the amount of spin-alignment and
a comparison for both reactions is in progress.
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Fig. 5. Preliminary results from the R(t) analysis for the (19/2+) isomer in 127Sn.

4. Conclusions

The first results from two of the g-factor experiments performed within
the g-RISING campaign at GSI have been presented. Isomers in 127Sn have
been produced by means of fission of a relativistic 238U beam on one hand,
and by the fragmentation of a 136Xe beam on the other hand. A preliminary
value for the g factor has been deduced from both data sets, leading to a
preliminary consistent value |g| ≈ 0.16. The fact that very different external
field strengths were applied, gives confidence that the observed oscillations
are indeed induced by the Larmor precession of a spin-aligned ensemble
of isomers. A significant amount of spin-alignment has been observed for
the first time in the relativistic fission of a 238U beam, as well as in the
fragmentation of a relativistic 136Xe beam. Further analysis, including the
observation of several new isomers, as well as the investigation of g factors
of some other isomers, is in progress.
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The g-factor measurement of the 19/2+, T1/2 = 4.5(3) µs isomer in 127Sn [1,2] aims at
a study of the structure of the neutron-rich nuclei in the vicinity of the doubly-magic 132Sn.
The experiment was done in relativistic projectile fragmentation of a 136Xe beam at E/A =

600 MeV on a thin Be production target within the RISING (Rare ISotope INvestigations at
GSI) project [3] at the GSI laboratory, Germany. The fully-stripped ions were separated, tracked
and identified on an event-by-event basis. They were implanted in a high-purity Cooper plate,
which provided a perturbation-free environment for the isomeric decay. Ion–γ coincidences were
recorded and analyzed with the CRACOW software [4]. The experimental set-up is discussed in
detail in [5].

The Time-Differential Perturbed Angular Distributions (TDPAD) method, based on the
measurement of the Larmor precession of a spin-oriented nuclear ensemble in an external
magnetic field B, was applied; the Larmor frequency ωL = −

gµN B
h̄ is measured in the

experiment. The magnitude and sign of alignment of the ensemble depend on the longitudinal
momentum distribution [6] of the fragments. In order to preserve the orientation produced in
the reaction, fully-stripped ions are separated at relativistic energies. Note that ions heavier than
A = 80 produced and separated as fully-stripped fragments are available only at GSI.

To extract the g-factor, the γ -decay time spectra, measured at ±45◦ and ±135◦ with respect
to the beam axis in a horizontal plane, were combined and compared with the theoretical R(t)
function, R(t, ωL) =

3a2
4+a2

sin(2ωL t), where a2 depends on details of the γ decay and the
amount of orientation. The R(t) functions of the 1095 and 715 keV γ -rays for the outmost
wing of the momentum distribution are presented in Fig. 1. They are out of phase, which is in
disagreement with the published level scheme [1]. For the R(t) function of the 715 keV transition
∼104 photopeak events were used in the data analysis, which sets a limit for such experiments.

Fig. 1. Left: R(t) functions for the 1095 keV transition (up) and for the 715 keV transition (down) at the wing of the
momentum distribution. Right: partial level scheme of 127Sn, revealing the decay of the 19/2+ isomer [1].
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The deduced value of the g-factor, |g| ≈ 0.16, is in agreement with theoretical expectations
based on the empirical g-factors, which yield a value g(s−1

1/2h−2
11/2) ≈ −0.156 for the main

component of the wave function, and with large-scale shell model calculations. These results
will be discussed in detail elsewhere [7].

First results from the g-RISING campaign for the g-factor of the 19/2+ isomer in 127Sn
from relativistic fragmentation demonstrate that significant alignment (∼10%) is observed in
the outmost wing of the momentum distribution. The present experiment provides a benchmark
(in terms of intensity of the isomer beam and number of detected γ -rays) for further studies of
electromagnetic moments of isomers in nuclei yet farther away from stability.
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New sub-µs isomers have been observed in the neutron-rich Sn isotopes. 125,127,129Sn nuclei have been produced
in a relativistic fission reaction of 238U on a 9Be target at 750 A·MeV and by the fragmentation of 136Xe at
600 A·MeV populating high-spin yrast states. In addition to the already known µs isomers, three new ones
with sub-µs half-lives have been observed. These yrast isomers are the high-spin members of the ν(d−1

3/2h
−2
11/2)

and νh−n
11/2, seniority v = 3 multiplets leading to isomeric (23/2+) and (27/2−) states, respectively. Added to

the already known 19/2+µs isomers in this region the current work completes the systematic information of
neutron-hole excitations toward the filling of the last h11/2 orbital at N = 82. The results are discussed in the
framework of state-of-the-art shell-model calculations using realistic interactions.

DOI: 10.1103/PhysRevC.77.064313 PACS number(s): 21.10.Tg, 21.60.Cs, 23.20.Lv, 27.60.+j

I. INTRODUCTION

Nuclei close to double shell closures offer an ideal envi-
ronment for testing realistic shell-model calculations as these
nuclei have a particularly simple structure: just a few particles
or holes outside an inert core. Isomeric states are abundant
in Sn isotopes with a few neutron holes away from 132Sn.
They are typically formed by yrast spin traps and allow the

*Radomira.Lozeva@csnsm.in2p3.fr

observation of decay cascades in exotic nuclei. Such isomeric
states exist because of the short-range, repulsive character
of the nucleon-nucleon interaction for alike nucleons, which
leads to small level spacings between the highest-spin states of
a multiplet where the wave functions of the nucleons are not
allowed to reach maximum overlap due to the Pauli principle.
The unique-parity h11/2 neutron-hole orbital, which lies close
to the Fermi surface, is responsible for exactly this type of
isomerism in nuclei near 132Sn with N < 82.

To date, intermediate-spin states have been observed, in the
Sn isotopes at, or a few neutrons away from, stability by using

0556-2813/2008/77(6)/064313(15) 064313-1 ©2008 The American Physical Society
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deep-inelastic reactions [1–4]. Further away from stability, Sn
nuclei and their vicinity have been studied by using relativistic
fission [5–7] and fragmentation [8,9] reactions. Intermediate-
spin states were observed either directly after in-flight mass
separation of µs isomeric states, produced by thermal neutron-
induced fission [10–12], or by the β decay of intermediate-spin
long-lived (seconds) In isomers [13,14]. The aforementioned
experiments have allowed the complete νh−n

11/2, seniority v = 2
multiplet to be measured for even-mass Sn isotopes in the mass
range A = 116–130. In these nuclei the filling of the h11/2

orbital is not isolated. The presence of, for example, the close
lying d3/2 orbital leads to a delayed filling of the h11/2 orbital
as nucleons can scatter into it. The filling of the lower half of
the h11/2 orbital could well be enhanced due to scattering from
the lower lying g7/2, d5/2, s1/2 orbitals, which in total leads
to deviations from the symmetric B(E2) trend in an isolated
high-spin orbital [15,16].

In addition to the v = 2 states, νh−n
11/2, v = 3 isomeric

states were also observed by using deep-inelastic reactions for
119,121,123Sn [2]. These isomers, however, were not observed
in the more neutron-rich Sn isotopes using fission reactions,
as β decay cannot populate such high-spin states and their
predicted lifetime of ∼200 ns is below the observational
limit of the Lohengrin mass spectrometer at the ILL, where
the flight time is around 2 µs [10]. Valuable information
about intermediate-spin states in the heavy odd Sn nuclei was
however obtained from the decay of νh−2

11/2d
−1
3/2 µs isomeric

states [10–12]. In order to complete the systematic data for
the νh−n

11/2, v = 3 isomers, to see whether their B(E2) values
fit into the trend of the v = 2 isomers, and to gain more
information on intermediate-spin states in these nuclei, data
from a recent experimental campaign using relativistic fission
or fragmentation performed at the fragment separator (FRS) at
GSI [17] were examined, where the flight time of the reaction
products was around 300 ns.

The new isomeric states were interpreted by using shell-
model calculations performed with a realistic interaction
derived from the CD-Bonn nucleon-nucleon potential [18].
A good description of the experimental data is found from
using an effective neutron charge of en = 0.70e, in agreement
with previous work in this region [19,20], and at variance with
the larger values found in Refs. [3,12,21]. The experimental
method and results are introduced in Secs. II and III, respec-
tively, followed by an interpretation of these results in terms
of probable configurations of the states involved in the decay
sequence in Sec. IV.

II. EXPERIMENTAL DETAILS

Delayed γ rays from neutron-rich Sn isotopes were ob-
served at the final focal point of the FRS [17] by using
eight Cluster detectors [22] from the RISING array [23]. The
experimental setup, shown schematically in Fig. 1(a), was used
for the study of g factors of µs isomeric states as part of the
g-RISING campaign [24].

The Sn nuclei were produced in two separate experimental
runs: by relativistic projectile fission of a 750 A·MeV 238U
beam, with an intensity of ∼8 × 107 ions/s impinging on

a 1023 mg/cm2 Be primary target (with Nb backing of
221 mg/cm2), and by the fragmentation of a 136Xe beam, with
an intensity of ∼2 × 108 ions/s impinging on the same target
at 600 A·MeV [25].

The reaction products were identified by the FRS, which
was set up in a standard achromatic configuration [17].
Mass identification of the ions was performed by an event-
by-event measurement of the magnetic rigidity (Bρ) at the
dispersive (middle) focal plane and the velocity, determined in
a time-of-flight (ToF) measurement by using position-sensitive
scintillators placed at middle (Sc1) and final (Sc2) focuses
of the spectrometer. Z determination was performed by
measurements of the energy loss in an ionization chamber
(MUSIC), while (x, y) tracking of the ions was achieved by
using two multiwire proportional counters (MW1 and MW2).

Ions entering the gap of the magnet used for g-factor studies
were also detected by a scintillation detector (validation),
whose signal was required for the acceptance of an ion-γ
coincidence event in the analysis. The ions, after being slowed
through 15 mm of Plexiglass, were stopped in a 2 mm thick Cu
catcher placed at the center of the magnet’s poles. A scintillator
(veto) placed behind the catcher was used to reject ions passing
through it. To adjust the implantation depth in the Cu foil a
variable-thickness Al degrader was used at the final focus.

The Ge detector setup, where all Cluster detectors were
placed in the horizontal plane shown in Fig. 1(a), had a γ -ray
detection efficiency of 2.2% at 500 keV and 1.8% at 1.3 MeV.
Add-back of up to three (out of seven) neighboring crystals
in each Cluster was performed, chosen after a study of the
best peak/background ratio. A time restriction for prompt γ

rays for single crystals with Cluster multiplicity one was used
in the analysis. Wider time and multiplicity restrictions were
performed for the add-back energies. Half of the detectors were
used with their BGO anti-Compton suppression shields [26]
in place. To suppress the low-energy atomic bremsstrahlung
associated with the arrival of the beam [23], all detector faces
were covered by Cu and Pb absorbers, each 1 mm thick. This
provided a useful γ -ray energy detection range of between
∼140 keV and ∼4 MeV, the upper limit being due to the
selected ADC range of the used Euroball VXI cards. Ion-γ
coincidences were accepted up to 15.4 µs after the arrival of
an ion and were measured by using a common TAC, started by
the first γ ray measured in any of the Ge detectors, and stopped
by a delayed signal from scintillator Sc2. Times between the
first γ ray, detected within the ion-γ time window, and any
other coincident γ rays were measured by a TDC, which had a
range of 1.2 µs. The constant fraction discriminators (CFDs)
of the Ge detectors were inhibited for the first 300 ns after the
arrival of an ion to avoid the TDC time window being opened
by the prompt atomic bremsstrahlung from the beam. The time
resolution of the Ge detectors was ∼20 ns.

Electronics effects such as the blocking effect of the Ge
detectors’ CFDs and the sharp end of the coincidence gate for
particles and γ rays limit the useful range for time analysis
to between 800 ns and 14.6 µs, respectively. During the sup-
pression of the prompt background (BG) radiation in the first
few hundreds of nanoseconds, when the Ge detectors’ CFDs
recover, a short-lived isomeric radiation can be observed more
clearly and with a higher intensity. Therefore, this time range
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FIG. 1. (a) Experimental setup and (b) the identified Sn isotopes from 238U fission.

is used only for visualization, whereas all time analysis starts
800 ns after the arrival of the ions, as will be shown in Sec. III.

III. ANALYSIS AND RESULTS

A. Notes about the background

Because of the high bombarding energies, the large amount
of material close to the detectors (electromagnet), and the
high ion rates (typically ∼5 × 103 ions/s) the nuclear BG

detected in the Ge detectors is rather high. Over short time
ranges the main contribution to the BG comes from (n, γ )
reactions in the Ge or/and the surrounding materials (Fe
and Al) including the catcher itself (Cu). Most of these
contributions are prompt, however, a certain amount persists at
longer times. Additionally, the photopeaks at low γ -ray energy
“sit” on a continuous BG from Compton scattering of higher
energy γ rays. Therefore, an accurate background subtraction
is important for the analysis. The single γ -ray spectra of
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γ rays correlated with 125Sn from 238U fission.
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odd-A nuclei [see, e.g., Figs. 2(a) and 2(b)] are cleaned of
these BG contributions (present in the energy spectra of all
nuclei) by subtracting a normalized portion from their even-A
neighbors, whereas for the coincidence γ -ray spectra [see,
e.g., Figs. 2(c) and 2(d)] a subtraction of the BG for the
total energy projection is performed by using the methods
described in Refs. [27,28]. The time structure of the BG is
investigated over the entire energy range. Such an analysis
reveals a mean half-life of 0.33(4) µs, dominated mostly by
the short-lived neutron-knockout activities. Therefore, a proper
BG subtraction is essential. The experimental procedure was
verified for several long-lived BG activities, for example, for
the 198.4 keV line in 71Ge (T1/2 = 20.4 ms [29,30]) and the
1460.9 keV line in 40K (T1/2 = 1.25 × 109 yr [31]) and, as
expected, a constant time spectrum is observed.

The data analysis was performed by using SPY/CRACOW

[32], ROOT [33], and the RADWARE [34] packages.

B. Odd-mass Sn nuclei

The isotopic identification of the Sn nuclei transmitted by
the FRS is depicted in Fig. 1(b), where the atomic number Z is
represented as a function of the mass/charge ratio (A/q). The
spectrometer was tuned to optimally select 126Sn, leading to a
similar but reduced production and transmission of 125,127Sn
as well. The ToF measurement with Sc1 [Fig. 1(a)] was influ-
enced by the high ion rates at the middle focus of the separator,
which led to slightly overlapping distributions for the neigh-
boring isotopes. Therefore, the corresponding contaminations
of the odd Sn isotopes were removed in the analysis by
subtracting a normalized portion from their even neighbors.

The relativistic fission and fragmentation reactions can
populate high-spin states. Their decay proceeds toward states
near the yrast line, some of which can be µs isomers in the Sn
region. In the following sections we confirm the µs lifetimes
of known isomers in 125,127,129Sn and report on a new sub-µs
isomer in each of these isotopes.

1. 125Sn

A new (23/2+) isomer has been observed in 125Sn,
along with the previously known 0.23(3) µs (27/2−) and
6.2(7) µs 19/2+ isomeric states reported in Refs. [1] and
[10], respectively. The decay schemes of these isomers are
confirmed in this work and four new transitions are added
to the decay cascade out of the (27/2−) isomer. The γ -ray
spectrum in Fig. 2(a) shows the observed transitions in 125Sn
in a time window from 200 ns to 1 µs after the arrival of the ion
from the fission data set. It represents a BG-subtracted energy
spectrum, taken shortly after the implantation, for which the
contribution deduced from an equal time region at the end of
the time range is canceled. The BG contributions are subtracted
as explained in Sec. III A. As a result, the only remaining peak,
not belonging to 125Sn, that could not be fully removed by the
BG subtraction comes from the strong short-lived 691.4 keV
72Ge(n, γ ) transition [35].

A BG-subtracted spectrum in a time range from 2 to 14 µs
from the same data set is presented in Fig. 2(b). All γ rays in
the spectrum belong to the known decay of the 19/2+ isomer
in 125Sn [10].

Half-lives of 0.23(2) and 6.2(2) µs are determined for
the (27/2−) and 19/2+ states, respectively, by using only
the strongest transitions in the cascades for the lifetime
determinations.

The (23/2+) state has already been observed as an isomer
in the neighboring 123,127,129Sn nuclei [2,12,36]. Two previous
experiments [1,10] studying 125Sn at intermediate spin were
unable to observe the (23/2+) isomer due to poor particle
identification and a lack of statistics, respectively.

The four newly observed γ rays of energies 154, 167, 403,
and 415 keV are seen in Fig. 2(a). One has to note that these
transitions have not been reported in the previous work for
the (27/2−) isomer in this nucleus [1], where only the direct
depopulation of the (27/2−) state, through the negative-parity
states, could be observed.

The γ -γ coincidence relations from the current work are
shown in Figs. 2(c) and 2(d). They are performed for the
first 2 µs of the time window after a BG subtraction (see
Sec. III A). The coincidences with known transitions represent
the corresponding feeding of the short-lived isomer and the
consecutive decay of the longer lived one. By setting gates
in a γ -time matrix, to extract time information about the new
transitions, and also by observing the γ -γ coincidences it was
possible to associate the 154, 403, and 415 keV transitions
with the decay cascade out of the 0.23(2) µs (27/2−) isomer
alone and the 167 keV transition with the decay out of another
lower lying isomer. The 154 keV γ ray is in coincidence with
the 415 keV transition [Fig. 2(c)]. If the sum of these two
γ -ray energies is added to the energy of the 1894 keV 19/2+
isomer an energy of 2463 keV is obtained, the same as that of
the (23/2−) state reported in Ref. [1]. The 154 keV transition
is associated with the decay out of the (23/2−) level and the
415 keV with the decay of a (21/2+) state [see Sec. IV B1].

The newly observed 167 keV transition has a half-life
of 0.6(2) µs [Fig. 3(b)], which is inconsistent with any of
the known isomers in this nucleus. This transition is also in
coincidence with the 403 keV γ ray [Fig. 2(d)]. The sum of
these two transitions and the 1894 keV 19/2+ isomer also
gives 2464 keV, which is the energy of (23/2−) state from
Ref. [1]. The 403 keV transition is therefore postulated to be
another decay out of the (23/2−) level.

The ground state (g.s.) 1088 keV transition in the fission
data was fitted with three decay components [in the inset of
Fig. 3(b)], consistent with the three observed isomeric decays
in 125Sn. It is interesting to note that the strong direct decay of
the (27/2−) isomer is visible from the pronounced hump at the
beginning of the spectrum. This decay branch is considerably
reduced in the heavier Sn isotopes as, for example, visible
from the decay curve for the 1095 keV transition in 127Sn
[in the inset of Fig. 3(d)] and the 1136 + 570 keV transitions
in 129Sn [Fig. 3(f)]. A detailed comparison of the isomeric
population from both fission and fragmentation data sets will
be the subject of a forthcoming article.

2. 127Sn

Isomeric 19/2+ and 23/2+ states with half-lives of 4.5(3)
and 1.26(15) µs, respectively, were previously reported in
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Refs. [10,36]. The decay scheme of the 19/2+ isomer is con-
firmed in this work, although the 23/2+ isomer decaying by a
104 keV isomeric transition was not observed due to the low
efficiency of the Ge detector setup at such low γ -ray energies.
In addition to these two isomers in 127Sn, a new (27/2−) isomer
with a half-life of 0.25(3) µs and four associated delayed
γ rays at energies of 142, 363, 480, and 952 keV are seen in
this work. All new transitions are present in the BG-subtracted
energy spectrum, taken shortly after the implantation (similar
to 125Sn) in Fig. 4(a), which represents data from both 238U
fission and 136Xe fragmentation. This isomer was not observed
in previous isomer studies of this nucleus [10], due to its short
half-life, and was not populated in β-decay studies [36], due
to its high spin.

The four newly observed transitions can be assigned to
the decay cascade of a new (27/2−) isomer by measurements
of their half-lives [Figs. 3(c) and 3(d)] and observations of
γ -γ coincidences [Figs. 4(c)–4(e)], which also permitted the
level scheme construction. The new 2410 keV level is obtained
by summing the 363, 952, and known 1095 keV transitions,
which are observed in mutual coincidence. The 363 and
952 keV γ rays have similar intensities (see Table I). The
sum of the 1931 keV 23/2+ isomeric level and the new
480 keV transition also gives a similarly consistent energy
of 2411 keV. Note that a 952 keV transition was observed
in β-decay studies [36] and placed in the decay scheme

in a cascade with the 1095 keV transition. However, no
spin-parity (Iπ ) suggestions for this state were made. The
newly observed 142 keV transition is in coincidence with all
other new transitions [Fig. 4(c)] and is very likely the isomeric
(27/2−) → (23/2−) transition. The extended level scheme for
127Sn is shown in Fig. 3(b) and is discussed in Sec. IV B2.

3. 129Sn

Two new γ rays of 145 and 605 keV have been observed
in the BG-subtracted energy spectrum for 129Sn, taken shortly
after the implantation [Fig. 5(a)], in the same way as those
for 125Sn and 127Sn. The data from both 238U fission and
136Xe fragmentation experiments were added to obtain better
statistics. As in 125Sn, the only remaining peak, not belonging
to 129Sn, comes from the strong short-lived 691.4 keV line
72Ge(n, γ ) [35], which could not be perfectly subtracted.

The two newly observed transitions are assigned to the
decay of a new 0.27(7) µs (27/2−) isomer [Fig. 3(e)]. Because
of the thick absorbers and the low efficiency of the setup at
energies around 140 keV the half-life of this isomer could be
extracted only from the 605 keV transition after an appropriate
BG subtraction. The obtained result was in addition verified
by using a double exponential fit for the non-BG subtracted
data to account for the exponential BG present at short times
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FIG. 4. BG-subtracted γ -ray spectra for time windows of (a) 0.2–1 µs and (b) 2–14 µs and coincident with (c) 142 keV, (d) 363 keV, and
(e) 480 keV γ rays correlated with 127Sn from 238U fission and 136Xe fragmentation.

from neutron activities (see Sec. III A). The given uncertainty
for the half-life value includes the statistical one from such an
analysis.

The previously reported level schemes of Refs. [12,36]
are confirmed here, though the low-energy decays of the
3.6(2) µs 19/2+ isomer (19.7 keV) and the 2.4(2) µs
23/2+ isomer (41.0 keV) were not observed. A BG-subtracted
energy spectrum from the end of the time range (as for 125Sn
and 127Sn) is presented in Fig. 5(b). All γ rays labeled with
their energy belong to the known decay of the 19/2+ isomer
in 129Sn [12].

Due to the lack of statistics for this nucleus a summed
coincidence spectrum was constructed with gates on all
known (and the new 605 keV) transitions [Fig. 5(c)]. In this
spectrum, the 145 keV transition is clearly visible, support-
ing its placement as (27/2−) → (23/2−) in analogy to the
142 and 161 keV transitions in 127Sn and 125Sn, respectively.

IV. DISCUSSION

The half-lives obtained in the current data set are compared
with the existing data in Table I, where one can notice a
good agreement. The measured energies of all observed γ -ray
transitions and their absolute intensities, normalized to the

most intense one for each nucleus, are listed for each isomeric
state.

Additionally, all µs isomers in the even-A 124,126,128,130Sn
isotopes were remeasured. The half-lives obtained for the
10+, 7− (in 124,126Sn), and 5− (in 124Sn) isomeric states are
fully in agreement with the literature values [1,3,11,13,37].
Therefore, the lifetimes in the even Sn isotopes are used only
for the odd-even renormalization of the reduced transition
probabilities (see Sec. IV E).

A. Shell-model calculations

Shell-model (SM) calculations are performed in a model
space p1/2, g9/2 for protons and g7/2, s1/2, d5/2, d3/2, h11/2 for
neutrons outside an inert 88Sr core. Therefore, proton-core
excitations across Z = 50 and neutron-core excitations across
N = 82 are not considered in this approach. The polarization
by proton-core excitations for a well-tuned realistic interaction
has a negligible impact on the level energies, but its effect on
the γ -ray transition rates, in general, comprises the use of
effective operators. For specific transitions, however, namely
weak ones, major discrepancies may occur owing to the
restriction to a pure neutron configuration space. Starting from
the G matrix, including folded diagrams and higher order
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TABLE I. Isomeric half-lives and γ -ray transitions observed in the decay of the 125Sn, 127Sn, and 129Sn isomers (�Eγ ∼
0.3 keV, �Iγ ∼ 10%). The intensities of all low-energy transitions could not be obtained due to the high uncertainty in the extrapolation
of the efficiency curve.

Nucleus State T1/2(µs) Eγ (keV) (Iγ )
Literature This work Adopted

125Sn 27/2− 0.23(3)a 0.23(2) 0.23(2) 154.0, 161.3, 326.7 (9), 385.9 (46), 402.9 (30),
415.3 (15), 988.4 (45), 1048.3 (9)

125Sn 23/2+ – 0.6(2)e 0.6(2) 167.0
125Sn 19/2+ 6.2(7)b 6.2(2) 6.2(2) 661.5 (29), 791.6 (55), 805.5 (45), 1087.7 (100),

1219.0 (25)
127Sn 27/2− – 0.25(3)e 0.25(3) 142.0, 363.1 (16), 952.3 (16), 479.7 (57)
127Sn 23/2+ 1.26(15)c 0.9(3) 1.2(1) –
127Sn 19/2+ 4.5(3)b, 4.8(3)c 4.4(2) 4.5(1) 567.1 (20), 715.4 (85), 731.8 (15), 1094.9 (100),

1242.6 (19)
129Sn 27/2− – 0.27(7)e 0.27(7) 145.3, 605.0 (97)
129Sn 23/2+ 2.0(2)c, 2.4(2)d 2.4(4) 2.2(1) –
129Sn 19/2+ 3.7(2)b, 3.2(2)c, 3.6(2)d 3.4(4) 3.4(1) 382.1 (69), 570.3 (100), 1136.1 (88), 1324.4 (65)

aTaken from Ref. [1].
bTaken from Ref. [10].
cTaken from Ref. [36].
dTaken from Ref. [12].
eNewly observed isomer.

many-body corrections for this valence space, we can derive
an effective interaction from the CD-BONN nucleon-nucleon
(NN ) potential with the method described in Ref. [38].
The evolution of the experimental single-particle energies in
88Sr for proton holes and in 100Sn for neutrons, as adopted
from Refs. [15,39], is reproduced by applying monopole
corrections. The effective interaction is found to describe very
well both high-spin states and Gamow-Teller decays in the

100Sn region [40]. For the 132Sn region, besides A−1/3 scaling,
additional monopole corrections are applied to describe the
single-hole energies in 132Sn [15,39], without modifying the
100Sn results. Transition strengths for E2, E3,M1, and M2
transitions were calculated with an effective charge en = 0.70e

and a quenched g factor gs
n = 0.7gs

free. Calculations were
performed with the code OXBASH [41]. In the following mainly
levels and E2 strengths will be discussed. A full account of all
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129Sn from 238U fission and 136Xe fragmentation.
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SM results in the 132Sn region will be given in a forthcoming
paper [42].

The results from the SM calculations are discussed in
Sec. IV B. Level energies are compared with the experimental
data in Figs. 7 and 8 and transition probabilities for selected
E2 transitions are presented in Fig. 11 and Table II.

B. Level schemes

In Fig. 6 we present the extended level schemes, including
the newly observed isomeric levels and their decay paths.
Newly observed γ lines are indicated by asterisks. This is
discussed further below for each case.

1. 125Sn

The newly observed isomeric γ transitions of 154, 167,
403, and 415 keV in 125Sn are placed in the extended level
scheme, presented in Fig. 6(a), by using lifetime analysis and
coincidence relations. Based on that, we suggest a new isomer
of Iπ = (23/2+), thus completing the (23/2+) systematics
from 123Sn [2] to 127,129Sn [36]. The measured half-life is

in agreement with an E2 decay to the 19/2+ state from
Weisskopf estimates (WE) and SM considerations and we
place this level at 167 keV above the 19/2+ state. The other
newly observed transitions correspond to the decay of the
(27/2−) isomer toward the positive-parity states through two
new intermediate states of Iπ = (21/2+) and Iπ = (23/2+).
The (19/2−

1,2) states, suggested in Ref. [1], are consistent with
our measurement.

The proposed level scheme is in full agreement with the
SM calculations (Sec. IV A). The theoretical SM states for
125,127,129Sn are compared with the experimental ones in
Fig. 7 for both positive and negative parities. A good agreement
is visible for the three nuclei of interest. In Figs. 7(a)–7(c)
one can see that three of the states are candidates for yrast
spin traps: 19/2+, 23/2+, and 27/2−. The highest spin yrast
trap 27/2− is populated directly in the reaction, whereas
the other isomers are populated both directly and indirectly
by feeding from the top isomer, which is consistent with
our lifetime measurements. As can be seen, for example, in
Fig. 7(a), where the decay path is represented by full arrows,
the decay from the 27/2− trap is possible only by a low-energy
E2 transition to the 23/2− state with a half-life of about

9/2 11/2 13/2 15/2 17/2 19/2 21/2 23/2 25/2 27/2 29/2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

125Sn

E
n
e
rg

y 
(M

e
V

)

Spin

theoretical +π
theoretical -π
experimental +π
experimental -π

9/2 11/2 13/2 15/2 17/2 19/2 21/2 23/2 25/2 27/2 29/2

Spin
9/2 11/2 13/2 15/2 17/2 19/2 21/2 23/2 25/2 27/2 29/2

Spin

127Sn 129Sn

(a) (b) (c)
g.s. g.s. g.s.

yrast traps
yrast traps

yrast traps

FIG. 7. Theoretical (empty symbols) and experimental (filled symbols) yrast states for (a) 125Sn, (b) 127Sn, and (c) 129Sn for positive
(squares) and negative (circles) parity. The decay path of the isomers in these nuclei is indicated with arrows.

064313-8



NEW SUB-µs ISOMERS IN 125,127,129Sn AND . . . PHYSICAL REVIEW C 77, 064313 (2008)

200 ns, as indeed reported in Ref. [1] and observed in this work
(see Table I). Due to the energy gap between the 23/2− and the
23/2+ states, the isomeric decay proceeds most probably by an
E1 branch toward the positive-parity states. The de-excitation
of the 23/2+ state favors an E2 transition to the 19/2+ state,
theoretically expected to be of 161 keV (from the SM energy
level differences), which is experimentally found to be of
167 keV. The theoretically estimated half-life for this state is
of the order of 500 ns, which agrees well with the experimental
value of 0.6(2) µs. The decay from the 19/2+ state proceeds
through the 15/2+ state as well as the low-lying 13/2− and
15/2− states, as already known from the literature [10].

2. 127Sn

All new isomeric transitions (142, 363, 480, and 952 keV)
in 127Sn, presented in Fig. 6(b), have the same half-life of
0.25(3) µs, in agreement with the expected value of about
200 ns [10] for a new (27/2−) isomer in this nucleus. The
142 keV transition is coincident with all other transitions
[Fig. 4(c)] and its energy is in agreement with an E2 decay to
the (23/2−) state from WE and SM considerations. This tran-
sition was also suggested semiempirically to be of the order of
135(2) keV [10]. The cascade out of the new (27/2−) isomer
is analogous to that in 125Sn. The intensities of all isomeric
decays however are distributed differently than those in the
lighter Sn nuclei. The suggested experimental states in the
proposed level scheme [Fig. 6(b)] match the theoretical SM
states well, as can be seen in Fig. 7(b).

3. 129Sn

The new isomeric γ transitions of 145 and 605 keV in 129Sn
are placed in the extended level scheme, presented in Fig. 6(c),
by using lifetime analysis and coincidence relations. Thus, the
new isomer of Iπ = (27/2−) completes the systematics of
known (27/2−) states from 119Sn [2] to 129Sn [36].

A comparison with the SM calculation (Sec. IV B) and
empirical shell-model (ESM) estimates suggests that the
145 keV transition is very likely responsible for the isomerism
whereas the 605 keV transition is assigned as the decay from
the (23/2−) state to the 23/2+ state. In the ESM, if we assume
pure hn

11/2 configurations, the relative positions of the 23/2−

and 27/2− states in 129Sn can be calculated from the known
6+ to 10+ states in 130Sn (see, e.g., Refs. [4,10,15]). The
result for the 27/2− → 23/2− transition energy is 135(2) keV
(the same as for 127Sn), where the systematic uncertainty
is estimated from the configurational purity of the high-
spin states involved in the full shell-model calculation. The
145 keV γ ray is the only candidate in that energy range seen
in Fig. 5(a). This was confirmed in a follow-up experiment
employing fragmentation of 136Xe and a more efficient detector
setup [43].

The 145 keV transition is placed at the top of the level
scheme, suggesting that the new isomer of Iπ = (27/2−)
decays analogously to the ones in the lighter Sn nuclei, which
is indeed expected from WE and SM predictions.

An E2 cascade out of the (23/2−) state can be suggested
based on an ESM estimate in the spirit of Ref. [10], with the full

shell-model calculation and extrapolations from systematics to
be of 307 and 929 keV (with a similar uncertainty as for the
predicted 135 keV transition) for the 23/2− → 19/2− and
the 19/2− → 15/2− transitions, respectively. Following the
intensity distribution of the isomeric decays in the lighter
odd-A neighbors, the observation of this cascade would require
better statistics. Assuming the SM E2 decay energy and
reduced transition strengths equal to 127Sn would increase the
E1(605 keV)/E2(307 keV) branching by at least a factor of
5 relative to 127Sn.

The suggested experimental states in the proposed level
scheme [Fig. 6(c)] match the theoretical SM states quite well,
as can be seen in Fig. 7(c). Thus, the decay of the (27/2−)
isomer seems to be shifted toward the positive-parity states
through the 605 keV transition. This is supported by the energy
differences between the theoretically calculated states in
Fig. 7(c), where the energy gap between the 23/2− →
23/2+ states is larger than the one between the 23/2− →
19/2− states. The intensity of the 605 keV (E1) transi-
tion is also consistent with the increasing intensity of the
branch toward the heavier masses, following the trend from
125,127Sn.

In conclusion, the following points summarize the decay of
the three µs isomers in 125,127,129Sn:

(i) The (27/2−) isomers decay through E2 cascades
toward the negative-parity states in the lighter Sn nuclei.
These branches become very weak as A increases.

(ii) The decay path via E1 transitions from the (23/2−) to
the (23/2+) levels toward the positive-parity states is
enhanced, as the energy spacing between these states
also increases with A.

(iii) The energies of the E2 transitions from the (27/2−)
to the (23/2−) levels stay almost constant, reflecting
similar isomeric half-lives and pure configurations,
whereas the excitation energy of the 27/2− isomer is
lowered toward N = 82.

(iv) The E2-transition energies of the (23/2+) → 19/2+
de-excitation decrease with increasing A, whereas
the 19/2+ → 15/2+ transition energy stays nearly
constant.

(v) The intensity distribution of the decays from the 19/2+
states differs significantly in the lower masses, where
the feeding to the 15/2− states is almost equally
contributed to by transitions from the 19/2+ and 15/2+
states.

(vi) In the heavier odd-A Sn nuclei, de-excitations from
the 15/2+ states only are favored as the energy for a
19/2+ → 15/2− transition decreases.

(vii) Although in the lighter odd-A Sn isotopes the branches
involving the 13/2− states are weak, in the heavier
A nuclei, these branches become dominant and even
comparable with the branches involving the 15/2−
states.

C. High-spin states

1. 27/2− states

A comparison between the energies of the calculated and
the experimental (27/2−) and (23/2−) states is presented in
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Fig. 8. According to the SM calculations, these states are
the highest members of the h−3

11/2 quasiparticle multiplet. For

A = 129 the h−3
11/2 probabilities in the wave functions are 100%

and 99.5%, respectively. For the lighter isotopes the weights
of the pure h−n

11/2 configurations, with n = 132 − A, reduce
to 32.4% and 28.4% for 127Sn and 11.5% and 11.7% for
125Sn due to pair scattering from the positive-parity g, d, s

orbitals. As seniority is a good quantum number the total
amount of v = 3 in the wave functions is more than 95%.
The 23/2−, 19/2−, 15/2−, and 13/2− excited states and the
11/2− (g.s.) belong to the same multiplet. The 15/2− and
13/2− states have increasing admixtures of d−1

3/2s
−1
1/2h

−1
11/2 and

d−1
5/2s

−1
1/2h

−1
11/2 quasiparticle configurations, respectively, which

amount to about 30% and 15% in 129Sn. This reflects the
coupling of the h11/2 particle to the 2+ states in the neighboring
even isotopes.

2. 23/2+ states

According to SM calculations, the yrast trap at spin
23/2+ (Fig. 7) has a dominant quasiparticle configuration of
νd−1

3/2h
−2
11/2, as discussed in Ref. [36]. In 125Sn the dominant

component is νd−1
3/2h

−4
11/2 with 36.4%, while νd−3

3/2h
−2
11/2 con-

tributes with 22.0%. If only unpaired neutrons are considered,
this is indeed the same type of quasiparticle configuration
as in the heavier Sn, as discussed already in Ref. [36].
The leading quasiparticle configuration of νd−1

3/2h
−2
11/2 in the

heavier Sn, according to the calculations, has probabilities
of 64.8% (127Sn) and 97.0% (129Sn). These numbers indicate
the increasing purity of these states, as the seniority mixing

decreases, toward the filling of all involved orbitals at
N = 82.

3. 21/2+ states

In 125Sn we observe a state [Fig. 8(a)] and suggest Iπ =
(21/2+) based on the observation of this state in studies of
the heavier Sn [36], which is also supported by theoretical
calculations. The 2232 and 2275 keV levels [Figs. 8(b) and
8(c)] were assigned with a spin of (21/2) in Ref. [36] for A =
127 and A = 129, respectively. The decay transitions to the
19/2+ and 23/2+ states, shown in Figs. 8(b) and 8(c), are taken
from Ref. [36] and were not observed in the current data set due
to insufficient statistics. The nonobservation of the branch from
23/2− toward the (21/2+) state in 129Sn is partly a consequence
of the increasing energy of the 23/2− → 23/2+ transition,
which is nicely reproduced by the SM calculations, while the
distance between the 23/2− and 21/2+ states stays essentially
constant. This branch appeared in 125Sn and transported about
15% of the total intensity from the 23/2− state, compared
to the 30% intensity of the 23/2− → 23/2+ branch. In the
heavier mass nuclei the intensity is transported through the
stronger 23/2− → 23/2+ transitions, which take about 76%
(the 480 keV transition with respect to 363 keV transition)
from the total intensity of the 23/2− state in 127Sn and 100%
in 129Sn (e.g., no branch other than the 605 keV transition is
observed). In fact, the branches involving the (21/2+) states
most probably become weaker as the mass increases and better
statistics would be required to find out their exact contribution.

The 21/2+
1 states have a leading quasiparticle configuration

of νd−1
3/2h

−2
11/2 with a contribution of greater than 30% in 125Sn

[Fig. 8(a)] to above 96% in 129Sn [Fig. 8(c)]. In the 21/2+
2

states the configuration involving the νs1/2 orbital is enhanced
and dominates (above 98%) in 129Sn. For A = 127 [Fig. 8(b)],
nevertheless, νd−1

3/2 is dominant with 62.6% whereas in the
lighter 125Sn the d3/2 and s1/2 components are 20.5% and
35.1%, respectively. Note that the increased probability for
hole excitation involving the d3/2 orbital at A = 127 is reflected
in the wave functions of all excited states [Fig. 8(b)].

D. Level systematics

The observation of three new isomers in the odd neutron-
rich Sn isotopes allows a comparison with the information
available on both the even and odd neutron-rich Sn nuclei.
Such a plot representing the different origin of the isomeric
states and the overall trend in the heavy Sn region is presented
in Fig. 9(a).

Because of the closed proton shell at Z = 50 the decay
schemes of the Sn nuclei originate mostly from neutron
excitations across the subshells between the shell gaps at
N = 50 and N = 82. The last h11/2 orbital is strongly involved
in single particle/hole excitations, represented by the seniority
scheme [2,3]. The general features of the decays of the odd
Sn (125,127,129Sn) nuclei are quite similar to each other and to
the lighter 119–121Sn, with the exception of 123Sn (N = 73)-the
half-filling point of the h11/2 neutron orbital [3].

The µs isomeric states present in these nuclei originate
from different configurations:
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FIG. 9. (a) Systematics of the known and new (indicated by an asterisk) 19/2+, 23/2+, and 27/2− isomeric states in the odd and even Sn
isotopes. The first excited 15/2− and 13/2− states are given for comparison together with the 11/2− g.s. (with exceptions for 119,129Sn, where
1/2+ and 3/2+ become the g.s., respectively). (b) Experimental B(E2) values for the total h11/2 shell. All values in A = 124–130 are obtained
from the current data set. The remaining values are taken from Refs. [2,3]. Note that in the configuration of the 19/2+ states above N = 73, d3/2

and s1/2 contributions are comparable. Lines in panel (b) are drawn to guide the eye.

(i) The 19/2+ isomeric state has been reported in the
mass chain A = 119–129 [10,11,44] with a dominant
configuration of a h−1

11/2 neutron hole orbital coupled
to the 5− core of the even Sn neighbor. Note that
the 5− state in the even Sn originates from a domi-
nant s−1

1/2h
−1
11/2 quasiparticle configuration, confirmed by

g-factor measurements for the 116,118,120Sn isomers
[45]. The 5− states are µs isomers in 116Sn [46] and
124Sn [47] only, but these are ns isomers in the other
even-A118–122,128–130Sn nuclei [48–52] because they
can decay by E1 transitions to the 4+ states lying just
below them. However, in the odd-A isotopes, the 19/2+
states are all isomeric in the µs range because each of
them comes below the (4+ ⊗ νh11/2)17/2− and 19/2−
states. Therefore, the decay from these states must
proceed by an M2 transition to the (2+ ⊗ νh11/2)15/2−
state [11]. Note that M2 transitions in this model space
can occur only between the orbitals h11/2 and g7/2,
the latter of which lies deep below the Fermi level.
According to SM calculations [42], the �I = 2 parity
changing transitions may have a comparable E3 width
due to a h11/2 → d5/2 transition. In Ref. [10] large
hindrance factors consistent with an M2 multipolarity
are measured and a weak admixture of h−2

11/2g
−1
7/2

was suggested, in agreement with SM calculations.
Besides the aforementioned s−1

1/2h
−1
11/2 component the

SM yields a strong d−1
3/2h

−1
11/2 amplitude in the 19/2+

that increases toward 129Sn. The magnetic moment
of this isomer in 127Sn has been measured in this
experimental campaign, and its result will shed more
light on the configuration and the decay of the 19/2+
state in 127Sn [53].

(ii) The 23/2+ isomeric state has been previously observed
in 123Sn [2] and in the heavier 127–129Sn [12,36] nuclei
with a leading configuration of a neutron hole in

the h11/2 orbital coupled to the 7− core of the even
Sn neighbor. All of the 7− states are isomeric and
have mostly d−1

3/2h
−1
11/2 character. These states decay

by E2 transitions to the 5− states in the mass range
A = 118–126. In contrast, in 128Sn and 130Sn, where
the 5− is above the 7− level, due to a reduced s1/2

component in its wave function, the half-lives of
the 7− are well beyond the µs range. The as-yet
unobserved 23/2+ states in the lighter Sn isotopes
are expected also to follow the trend of the 7− states
of their even partners and are a subject of future
measurements.

(iii) The 27/2− isomeric state has been observed in the mass
range 119–125Sn [1,2,4] with a pure single-particle h−n

11/2,
seniority v = 3 configuration and predicted in the heavy
127–129Sn with a sub-µs half-life [10].

The experimental energy levels from the current work for a
new (23/2+) state in 125Sn and new (27/2−) states in 127,129Sn
are added to the systematics [Fig. 9(a)]. One sees a lowering of
the excited states toward the doubly magic region. The energy
spacing between the different states originates most probably
from an admixture in the configurations, where one or another
orbital contribution becomes dominant as, for example, at A =
127–128 .

E. SM and transition probabilities

The experimental reduced E2 transition probabilities for
the 10+ isomers in the even Sn isotopes extracted from
the current data (A � 124) are compared to those of the
19/2+, 23/2+, and 27/2− states in Fig. 9(b). The data points
for A < 124 are taken from Refs. [2,3]. This plot shows the
systematic trends of the B(E2) values as the h11/2 orbital is
filled.
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TABLE II. Reduced I → I − 2 transition probabilities for the 19/2+, 23/2+, and 27/2− isomers in 125Sn,
127Sn, and 129Sn. The conversion coefficients used are taken from Ref. [55].

Nucleus Iπ B(E2)(e2 fm4)
Literature This work Adopted SM

125Sn 27/2− 18(2)a 17.5(16) 17.7(12) 6.1
125Sn 23/2+ – 5.7(21) 5.7(21) 8.5
125Sn 19/2+ 18(3)b 20.5(6) 20.4(6) 11.6
127Sn 27/2− – 26.8(32) 26.8(32) 28.2
127Sn 23/2+ 15.2(20)c 20.8(59) 15.8(19) 21.8
127Sn 19/2+ 34(4)b, 34(3)c 40.8(12) 39.4(11) 30.1
129Sn 27/2− – 30.7(122) 30.7(122) 21.9
129Sn 23/2+ 50(6)c, 48(4)d 50.1(85) 48.8(31) 38.4
129Sn 19/2+ 32(2)b, 51(7)c, 53(3)d 58.8(71) 40.1(16) 64.4

aFrom Ref. [1].
bFrom Ref. [10].
cFrom Ref. [36].
dFrom Ref. [12].

The B(E2) dependence on νh11/2 subshell occupation in
even-A and odd-A Sn nuclei was discussed in Refs. [1,2],
where the experimental E2 matrix elements as inferred from
the square root of B(E2), adopting a sign convention that
changes in mid-shell, have been plotted as a function of the
mass number A. The updated version is shown in Fig. 10,
where it can be seen that the new data points for 127,129Sn match
up smoothly with the results for the other isotopes. These
results reinforce earlier conclusions about the νh11/2 subshell
filling and about the enhancement of the neutron effective
charge toward the middle of the N = 50–82 major shell [2].
The smooth systematic trend exhibited by these seniority
isomers reflects the quasispin tensorial structure of the E2
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FIG. 10. Experimental E2 transition amplitudes for the
h−n

11/210+(v = 2) and 27/2−(v = 3) isomeric states in the Sn isotopes
[with the odd-A values scaled by 0.514 to compensate for the different
geometrical factors entering v = 2 and v = 3 B(E2) equations]. All
values in A = 124–130 are obtained from the current data set. The
remaining values are taken from Refs. [2,3]. The dotted curve is
drawn to guide the eye.

operator as established from abundant data in other subshells
and regions of the Segré chart such as N = 50(gn

9/2), 82(hn
11/2),

and 126 (hn
9/2) isotones and Pb (in13/2) isotopes. The presence

of the d3/2 shell leads to a delayed occupation of the h11/2 shell
close to 132Sn.

The reduced E2 transition probabilities of the odd-A Sn
isotopes, along with the corresponding transitions in the
even-A nuclei, are compared to each other and SM results in
Fig. 11 and Table II. One has to note that the half-lives
and B(E2) values of the present work for the even Sn
isotopes agree well with the literature values [1,10,12,54].
In Fig. 11(a) the experimental and SM B(E2) strengths
for the h−n

11/2, v = 2 configurations 10+ → 8+ (even A) and
v = 3 27/2− → 23/2− (odd A) are compared. The odd-A
values are scaled with a factor 0.264, which accounts for the
different angular momentum recoupling factors for v = 2 and
v = 3 configurations and normalizes the odd-A B(E2) values
to the average of the neighboring even-A strength [56]. In this
way the trend with decreasing A reflects directly the emptying
of the h11/2 orbital [1,4]. The staggering at A = 129 is artificial
as the normalization is inadequate beyond A = 128. This is
due to the presence of the d3/2 shell, which is emptied first
before the h11/2 orbital. From the A = 128–130 values one
may conclude that the choice of an effective charge of 0.70e,
as taken from the literature [57], is probably on the low side
and a value of 0.85e would be more appropriate [13,36]. This
increase, however, would not cure the discrepancy observed
toward mid-shell, which clearly indicates a too fast emptying
of the h11/2 orbital. For 125Sn the leading components of the
27/2− and 23/2− wave functions are d−2

3/2h
−3
11/2 and h−3

11/2 with
45% and 12%, respectively. As the E2 matrix elements in
the lowest seniority change sign in mid-shell, which reflects
the shape change from prolate to oblate, the contributions of
these two configurations interfere destructively. A reduction
of the minority component to half its value would bring
the theoretical value close to experiment. As pointed out in
Sec. IV A, the weak B(E2) values in the h11/2 mid-shell are
specifically sensitive to the neglect of proton-core excitations.
This was demonstrated in the N = 50 isotones one major
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FIG. 11. Comparison between experimental and theoretical reduced transition probabilities for (a) the h−n
11/210+(v = 2) and 27/2−(v =

3) isomeric states in the heavy Sn isotopes [with the odd-A values scaled by 0.264 to compensate for the different geometrical factors
entering v = 2 and v = 3 B(E2) equations] and (b) mixed hn

11/2(s, d) states. B(E2; 5− → 7−) in 128,130Sn are converted into B(E2; 7− →
5−) for better comparison; the odd-A values are scaled by 0.891. The effective neutron charge is 0.70e. SM (squares) and experimental
B(E2; 2+ → 0+) (circles) [1,21,47,51,52] are shown in (c) for effective charges en = 1.00e (solid line), 0.70e (dashed line), and 0.85e

(dotted line).

shell below for g9/2 protons [15,58]. Further SM tests of
the h−n

11/2 B(E2) have revealed that the underestimation of
the 125,126Sn values can be cured by reducing the pairing
two-body matrix elements (TBME) involving h11/2, while the
B(E2) for the other configurations are virtually unchanged.
The 124Sn 10+ → 8+ transition is not affected, which supports
the conclusion that deviations in the decreasing B(E2) toward
mid-shell for all transitions shown in Fig. 11 are due to the
increasing influence of proton-core excitations.

In Fig. 11(b) the E2 transition strengths for the positive-
parity yrast traps with mixed configuration h−n

11/2(s, d), 23/2+

and 19/2+, are compared to the 7− → 5− strengths and SM
results. Because of the changing configurational character of
the states involved, a simple geometrical scaling of odd-A
to even-A values is not meaningful. Therefore, the odd-A
values are scaled to have equal values for the two- and
three-hole isotopes, 130,129Sn. For 130Sn the experimentally
observed 5− → 7− strength is converted to 7− → 5−. Again
the values for A = 129 and 130 indicate a too small effective
charge; the trend with decreasing mass number, however, is
nicely reproduced by the SM. From the smooth trend of
both experimental and SM values, the unobserved branch
for the 5− → 7− transition in 128Sn can be estimated to be
0.2% [Fig. 11(b)]. The 19/2+ → 15/2+E2 strengths below
A = 129 seem to be systematically underestimated by the shell
model. The situation for these nonstretched states resembles
the 2+ systematics [Fig. 11(c)], where the optimum effective
charge changes from 0.70e to 1.00e from 130Sn to 124Sn in
the present calculations. It seems that the value of 0.85e best
describes the experimental values [21].

Proton-core excitation besides generally increasing effec-
tive charges will increase seniority mixing in configurations
coupled to less than maximum spin due to the proton-neutron
(pn) interaction. The 19/2+ and 15/2+ wave functions
comprise of the h

±4,6
11/2 configuration with two 6+ and 8+ states

with v = 2, 4 within 150 keV, which will undergo increased
mixing by virtue of pn interaction and, depending on the
relative sign of the valence and core-excited contribution,

enable constructive or destructive interference of �v = 2
contributions to the E2 matrix element. It should be noted
that while the �v = 0 strength disappears in mid-shell, the
�v = 2 transition strength peaks there (see, e.g., 2+ → 0+
transitions [15,21] (Fig. 2) for the gn

9/2 system).

V. SUMMARY

In relativistic fission and fragmentation reactions several
Sn isotopes in the vicinity of 132Sn have been populated and
their decay in the 0.2 to 14 µs range has been studied. The data
allowed the observation of three new isomeric states in 125Sn,
127Sn, and 129Sn. The new states have been suggested to have
Iπ = (23/2+) in 125Sn and (27/2−) in 127Sn and 129Sn, based
on theoretical calculations for the yrast traps in this high-spin
region. The level schemes of these nuclei have been extended
and, additionally, the transition probabilities for all isomeric
states have been extracted.

Shell-model calculations in an untruncated N = 50–82
neutron space give an excellent description of the experimental
level schemes and their systematics with increasing distance
from the doubly-magic 132Sn. The evolution of the E2
strengths for transitions from the stretched and pure h−n

11/2 Iπ =
27/2−, 10+ seniority v = 3, 2 states toward mid-shell and
from the mixed-orbital Iπ = 23/2+, 7−, and 19/2+ isomers
is well described. Deviations in the absolute values for small
B(E2) and transitions involving nonstretched configurations
may be ascribed to the neglect of proton excitations across
Z = 50, which can only be partly absorbed by the choice of
a constant effective neutron charge of en = 0.70e. A variation
from 0.70e at N = 82 to 1.00e at N ∼ 70 might be more
appropriate.
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We report on the g factor measurement of the isomeric 7− state (E∗ = 2219 keV, T1/2 = 5.9(8) μs) in
the neutron-rich 126Sn nucleus. The nucleus was produced by the fission of a relativistic 238U beam and
reaction products were selected by the FRS fragment separator at GSI. For the first time, spin-alignment
was observed after relativistic fission. It was used to deduce the g factor of the 7− isomeric state, g(7−) =
−0.098(9), from the measured perturbed angular distribution of its γ decay using the RISING Cluster
detectors. The observed value confirms the suggested ν(h−1

11/2d−1
3/2) dominant configuration, which has

been proposed for the 7− isomers in neutron-rich Sn isotopes. The failure of the g factor additivity
rule and the importance of core polarization evolution with increasing distance from the doubly-magic
132Sn is discussed. The first observation of 18(8)% of spin-alignment produced by the relativistic fission
of a 238U beam paves the way to study moments of neutron-rich (sub-)microsecond isomers, which are
difficult to align by other means.

© 2010 Elsevier B.V. All rights reserved.
The availability of beams of exotic radioactive nuclei for
detailed spectroscopic studies, has allowed the observation of
changes in the structure of atomic nuclei when going from sta-
bility, both to proton- and neutron-rich regions. Near the Z = 50
shell closure for example, the persistence of the N = 82 shell gap
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is being debated for neutron-rich isotopes below the doubly-magic
132Sn [1–4]. Magnetic moments of isomeric states may serve as
ideal probes to test nuclear models and effective shell-model inter-
actions in this neutron-rich region near the r-process path. Many
microsecond isomers have been observed in this region, mainly
using neutron-induced fission reactions [5], β-decay [6] and more
recently also using relativistic fission [4,7] and fragmentation [8].
Magnetic moments of high-spin isomeric states provide key infor-
mation on the nature of their single-particle configuration, and can
be directly compared to predictions with different models.
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In order to study electromagnetic moments of isomeric states,
one needs spin-aligned nuclear ensembles. Through the observa-
tion of the rotation of the nuclear spin-aligned ensemble, as a
time-dependent change of the γ -ray angular distribution (TDPAD)
in a magnetic field, the nuclear g factor can be measured [9]. Spin-
aligned isomeric nuclear states are produced in several types of
nuclear reactions [10]. The difficulty is to maintain the alignment
up to the implantation point in cases where in-flight selection
is performed. At relativistic beam energies, the first observation
of spin-alignment in isomeric beams was reported by Schmidt-
Ott [11] using the projectile fragmentation reaction. For neutron-
induced fission and relativistic fission reactions, alignment has not
been observed yet and the reaction mechanism to produce ori-
ented states via relativistic fission is not completely understood.
However, spin-alignment is known to exist in spontaneous fission
[12] and has been used to study the g factor of the 6+ isomer in
134Te [13].

The aim of the experiment reported here is to prove, for the
first time, the presence of spin-alignment in projectile fission at
relativistic energies. At the same time, the g factor of the 7−
isomeric state at 2219 keV in the neutron-rich isotope 126Sn [6]
was investigated. It is expected to be small due to the opposite
sign of contributions by d3/2 and h11/2 neutrons in the leading
(d3/2h11/2)7− configuration. Therefore it provides a crucial probe
for small components in the wave function and for studying core
polarization evolution away from 132Sn. The experiment was per-
formed at the GSI facility, where a 238U beam was accelerated
up to 750 MeV/u by the SIS-18 synchrotron, with a mean in-
tensity of 108 pps. The beam impinged on a 1 g/cm2 9Be target
placed at the entrance of the FRS spectrometer [14] operated in
achromatic mode, allowing the selection of one charge state per
element. A 221 mg/cm2 Nb stripper foil was mounted behind the
Be target in order to produce more than 99% of fully stripped frag-
ments (as calculated with the LISE++ simulation code [15]). Fully
stripped fragments are required to maintain the eventual reaction-
induced spin-alignment during transport through the FRS [16].

The nuclei of interest were selected and identified in two
stages. In the first part of the FRS spectrometer, a selection in
the longitudinal momentum distribution was carried out, in or-
der to select a spin-aligned ensemble of isomers. As it has been
shown already in fragmentation, that the spin alignment in the
selected ensemble can be understood by simple kinematical argu-
ments, and is related to its longitudinal momentum [11,17,16,18].
Similar arguments can be used to understand how spin-alignment
can be produced in a relativistic-fission reaction, considering the
spin-alignment process that is known to exist in spontaneous fis-
sion [12]. In such a fission process, two fragments are emitted
back to back with equal momenta in the center-of-mass system
and their spins are preferentially oriented in a plane perpendicu-
lar to their emission direction. Thus if a cone of the ensemble of
fragments emitted into 4π is selected, an oblate-aligned ensemble
is obtained with the alignment symmetry axis along the emission
direction [13]. When the fissioning nuclei have a relativistic en-
ergy, the fission fragments are emitted in a forward focussed cone,
with a velocity that is spread around the beam velocity. Fragments
with a lower/higher velocity correspond to fission products that
were emitted anti-parallel/parallel to the beam direction. Thus by
selecting the higher or lower part of the longitudinal momentum
distribution of the fission fragments, an oblate spin-aligned ensem-
ble could be obtained whereby the spins are aligned perpendicular
to the beam direction. The FRS was tuned to select the higher part
of this distribution on the group of fission fragments with Z = 50.
Using the Monte Carlo simulation code MOCADI [19] the calcu-
lated kinematic properties of 126Sn ions produced in the reaction
are presented in Fig. 1. The longitudinal momentum distribution
Fig. 1. MOCADI simulation of the distribution of the 126Sn fragments after fission of
238U at 750 MeV/nucleon. The acceptance of the FRS (red curve) is marked with
a rectangular window. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this Letter.)

of the fragments is proportional to the magnetic rigidity (Bρ) and
was measured by a position-sensitive scintillator detector. In front
of it, we keep the slits fully open. Fig. 1 simulates the total fission
fragment longitudinal momentum distribution. The momentum ac-
ceptance of the FRS, which is only 2% of this total distribution, is
indicated around the selected window. Fig. 1 illustrates the lim-
itation of the spectrometer and the difficulty in selecting fission
fragments. Based on previous studies a cut was made in the lon-
gitudinal momentum close to the maximum value of the magnetic
rigidity (Bρ).

Once this momentum selection was performed, a further se-
lection was accomplished using an achromatic Al wedge shaped
degrader of 5 mg/cm2 at the intermediate focal plane (more than
90% of the ions remained fully stripped after they passed this de-
grader). The identification of the reaction products in A/q and Z
was performed in the second half of the FRS using the various de-
tectors in the beam line, see [20] for details. The settings of the
FRS allowed to select only fully stripped ions at the final focal
point. The probability for electron pick-up in this final part of the
beam line has been limited to less than 10% [21] by limiting the
thickness of the final energy degrader just in front of the experi-
mental set-up. After this degrader and before entering the set-up
the beam intensity was 2.2 × 104 ions/s and the energy about
300 MeV/u. We expect a value for the isomeric ratio, around 10%,
similar to the one obtained in [22]. In order to sufficiently reduce
the beam energy prior to implantation in the Cu host, a 20 mm
plexi-glass degrader has been fixed to the Cu stopper [16]. An air
gap between the plexi-glass degrader and the stopper was avoided
by putting a thin layer of grease between them. Thus the randomly
oriented electron spins were decoupled from the nuclear spins as
soon as the isomers reached the plexi-glass degrader and up to the
implantation point in the Cu host, allowing to maintain the nuclear
spin-alignment. Because the FRS is a zero-degree fragment sepa-
rator, the spin-alignment symmetry axis is parallel to the beam
axis at the implantation point [16]. The spin-aligned beam was
implanted into an annealed high-purity 2 mm thick Cu foil (cubic
lattice structure), placed between the poles of an electromagnet
providing a vertical magnetic field of B = 7000(10)G , whose di-
rection was periodically switched. A plastic scintillator at the focal
plane of the FRS, placed upstream of the magnet, was used to pro-
vide the t = 0 signal for the γ -decay measurement, based on an
event-by-event ion–gamma correlation [16]. The isomeric γ decays
were measured during a 16 μs time window by the RISING array
composed of eight former EUROBALL Cluster detectors [23], each
containing seven encapsulated HPGe crystals. Each crystal had a
relative efficiency of ∼ 60% and an energy resolution of ∼ 2 keV
at 1332 keV. The detectors were placed in the horizontal plane
at ±45, ±75, ±105 and ±135 degrees relative to the beam direc-
tion. The prompt atomic background radiation was eliminated from
the γ -spectra by placing a hardware gate of 600 ns, thus making
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Fig. 2. The measured γ rays emitted after the decay of the isomeric states in 126Sn (left) and the partial level scheme (right).
Fig. 3. (Color online.) Time distribution of the γ rays deexciting the isomeric levels
in 126Sn. Top: For the 269 keV line. Bottom: For the sum of γ rays with energies
909 keV and 1141 keV.

time analysis prior to this time impossible. More details on the ex-
perimental set-up and measuring procedure can be found in [21],
while information of the data taking and analysis procedures are
described in [20]. Data was analyzed using the Spy/Cracow soft-
ware [24].

Two previously known microsecond isomeric states in 126Sn
have been populated (Fig. 2) [6,25]. Decay curves are obtained
from the γ -time matrix by subtracting from each peak-decay curve
a time spectrum produced in a background region near the peak.
For the 269 keV decay from the 10+ isomer a half-life T1/2(10+) =
7.5(3) μs (Fig. 3 top) is found, in good agreement with the earlier
reported value of 7.7(5) μs [25,26]. The decay curve of the 7− iso-
meric level consists of two components: the direct decay from 7−
isomers implanted at t = 0 and the growth-decay curve originating
from 10+ isomers decaying into the lower one after implantation.
The two component fit of the time spectrum of the 909 keV +
1141 keV, performed by keeping the half-life of the upper 10+ iso-
mer fixed, allowed the half-life of T1/2(7−) = 5.9(8) μs (Fig. 3 bot-
tom) and the ratio of the direct isomer population N7/N10 = 0.9(2)

to be determined. The deduced half-life is in good agreement with
the previously reported value 6.6(1.4) μs [6].

For the g factor determination the time-differential perturbed
angular distribution (TDPAD) method [9] has been used. The
background-corrected and normalized time spectra measured for
the two field directions (up and down), are combined to produce
the experimental R(t) spectrum:

Rexp(t) = Y (t, Bup) − Y (t, Bdown)

Y (t, Bup) + Y (t, Bdown)
(1)

Time spectra gated on the 909 keV and 1141 keV transitions reg-
istered at the angles θ = ±45 and θ = ±135, with respect to the
beam direction have been used to create an R(t) spectrum with
maximum amplitude (see [21] for details). The oscillation ampli-
tude of the R(t) spectrum created with the detectors placed at
θ = ±75 and θ = ±105 is reduced by a factor of two compared to
that of the R(t) created with detectors in the geometry θ = ±45
and θ = ±135. In the present experimental conditions, character-
ized by a rather low degree of the nuclear alignment (see be-
low), the R(t) spectrum corresponding to the detectors placed at
θ = ±75 and θ = ±105 did not evidence any oscillation, and there-
fore these data were not included in the analyses.

In the present case two cascade decaying isomeric levels with
comparable half-lives are simultaneously populated in the nuclear
reaction. The modulation ratio corresponding to γ rays that de-
populated the upper 10+ isomeric state could not be fitted due to
the low statistics for the 269 keV γ ray. The g factor of the 10+
state has been assumed to be g(10+) = −0.243 (the average value
measured for the 11/2− states in the neigbouring odd isotopes
[27] with a similar (νh11/2) hole configuration). The g factors for
the 10+ state have been measured in 116Sn and 118Sn, with val-
ues of −0.2326(15) and −0.2447(7), respectively, and they agree
within 7% with the g factors of the 11/2− states in neighbour-
ing odd-mass Sn [27]. A shell-model calculation [20,29] predicts
gSM(10+) = −0.238, agreeing well with this estimated value. The
R(t) ratio for the 269 keV γ ray, constructed with a time cal-
ibration appropriate to observe the fast Larmor oscillations cor-
responding to the expected g factor, has large statistical errors,
about 0.15 (three times larger than the errors of the R(t) for
909 + 1141 keV, see Fig. 4 below). These large errors prevented
the observation of low amplitude oscillations corresponding to the
small alignment degree of this experiment (see below).

The experimental R(t) spectrum for the sum of 909 and
1141 keV γ rays de-exciting the lower lying 7− isomer is illus-
trated in Fig. 4a. In this case the modulated intensity is composed
of two contributions: the cascade component coming from the 10+
state and the direct component coming from the reaction. The cal-
culated modulation ratio, depending on the Larmor frequencies
ω10 and ω7 that are describing the precession in the states 10+
and 7−, respectively, has the form (see Ref. [28]):

R(t) = b2

1 + A(t)
cos 2(θ − ω7t) + A(t)

1 + A(t)
Rcasc(t,ω7,ω10) (2)

where

Rcasc(t,ω7,ω10)

= b2 cosα
[
cos

[
2(θ − ω10t) − α)

]

+ 2
(
1 − e
λt)−1

sin
[
2θ − (ω7 + ω10)t − α

]
sin
ωt

]
(3)

and
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Fig. 4. The direct fit of the R(t) function for (909 + 1141) keV transitions in 126Sn (a), autocorrelation analysis (b) and Fast Fourier Transform result (c).
A(t) = N10

N7

λ10


λ

(
e
λt − 1

)


λ = λ7 − λ10, with λi = ln 2

T1/2


ω = ω7 − ω10

α = arctan(2
ω/
λ)

The values for the decay constants λ10 and λ7 and the ratio
N7/N10 of the population of the two isomeric levels have been
extracted from the lifetime analysis. The amplitude of the oscilla-
tion b2 is given by b2 = 3

4 A2, where A2 is the angular distribution
coefficient dependent on the transition type and on the degree of
spin alignment. The same coefficients b2 were assigned to the di-
rect and cascade decays, assuming identical alignments for the two
isomers.

The contribution of the term Rcasc was dramatically reduced
in our case on account of the cosα factor, which for the large
applied magnetic field of 7 kG took a value of 0.0008. Therefore
for fitting the experimental R(t) only the first term in expression
(2) was used, with the amplitude b2 and the Larmor frequency

ω7 = g(7−)Bμn
h̄ as free parameters. As seen in Fig. 4a, the observed

damping is well accounted for by the time-dependent amplitude
1

1+A(t) . From the least-squares analysis of the modulation curve,

the g factor of the 7− isomer g(7−) = −0.097(9), and the ampli-
tude b2 = 0.07(3), have been derived.

Since the period of the Larmor precession (∼ 1 μs, see Fig. 4a)
is shorter than the lifetime of the isomer (5.9(8) μs), an autocorre-
lation analysis was performed [16]. The calculated autocorrelation
function (ACF(n)) has the form:

ACF(n) =
k2−n∑

k=k1

f (k) f (k + n)

k2 − k1 − n

/ k2∑

k=k1

f 2(k)

k2 − k1
(4)

where f (k) represents the experimental data as a function of the
channel number k, k2 − k1 is the observation window and n is
the folding back window (n � k2 − k1). The information from a
7 μs window have been folded back into a 2 μs time window (see
Fig. 4b). In the present experimental conditions and due to the
smearing out of the oscillation pattern after 8 μs only data up to
7 μs have been included in the autocorrelation analysis to obtain
the optimal amplitude. If data from later times are included the
amplitude of the autocorrelation function is reduced. Fitting the
autocorrelation data leads to a g-factor value of 0.103(6), which is
Table 1
Experimental g factor for the 7− isomer in even mass Sn isotopes compared to
shell-model calculations.

Isotope Ex (keV) T1/2 gexp gfree geff
1 gcp

2

114Sn 3088 765 ns −0.0806(5)3

118Sn 2575 217 ns −0.0978(6)3

126Sn 2219 5.9 μs −0.098(9) −0.081 −0.057 −0.082
128Sn 2092 6.5 s −0.076 −0.054 −0.070
130Sn 1947 1.7 m −0.0544(4)4 −0.067 −0.048 −0.048

1 SM gs(ν) = −2.513 and gl(ν) = −0.0039.
2 SM corrected for A dependence of core polarization.
3 Ref. [33].
4 Ref. [34].

in good agreement with the value obtained from fitting the raw
R(t), see Fig. 4b. Note that in this case phase and amplitude have
no longer a physical meaning.

As a last step, we have performed a Fast Fourier analysis (FFT),
which reveals a peak at 2ωL = 6.2(6) MHz (Fig. 4c), corresponding
to a g factor of 0.092(9), in agreement with the values deduced by
the other analysis procedures.

As a final value, we adopt the mean from the different analysis
procedures, resulting in g(7−) = −0.098(9).

In Table 1 this value has been compared to the g factors of
other 7− states in even-Sn isotopes with main quasi-particle con-
figuration (h−1

11/2d−1
3/2). The Schmidt value for this configuration is

gschmidt = −0.11, which is close to the observed experimental val-
ues and confirms that this is the leading configuration of these
isomers. The extreme sensitivity of g(7−) to small components
in the wave function due to the partial cancellation of the d3/2
and h11/2 contributions of opposite sign allows a more detailed
discussion. Extended untruncated shell-model calculations in the
full N = 50–82 neutron space (g7/2,d5/2,d3/2, s1/2,h11/2), were re-
cently performed for the whole Sn region down to 124Sn, using
a realistic two-body interaction based on the CD-Bonn interaction
and 88Sr as a core [20,29]. The obtained g factors using free and
effective single nucleon values are given in Table 1. Effective neu-
tron g factors gs = −2.513 and gl = −0.0039 were adjusted to
the experimental single hole values for d3/2 and h11/2 in 131Sn.
Fair agreement with experiment is observed from 130Sn to 126Sn,
but the increase of |g| with increasing distance from 132Sn is
only qualitatively reproduced. Note that for 126Sn a slightly bet-
ter agreement is observed if free g factors are used, which will
be further discussed. Moreover, additivity of g factors is consider-
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Fig. 5. g Factors for Iπ = 7− states in even Sn isotopes. The full line represent geff

and the dashed gcp from Table 1. Directly measured values (red circles) are com-
pared to SM results. The error on the g factor in 130Sn is smaller than the symbol
size. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this Letter.)

ably violated for 130Sn and 126Sn, yielding values of −0.0756(10)
and −0.0826(10), respectively, as calculated from the experimen-
tal g(3/2+) and g(11/2−) in the neighboring odd-A isotopes. These
values are nicely reproduced using shell-model values for the 3/2+
and 11/2− states, yielding additivity values of −0.076 and −0.077
for 130Sn and 126Sn. These values, however, are quite different from
the calculated g(7−) (see Table 1), indicating that admixtures of
different origin appear in the Iπ = 7− and the Iπ = 3/2+ , 11/2−
wave functions. The respective components amount to less than
2% of the wave function, yet they have a strong influence on the
calculated moments.

The too weak A dependence of the shell model g(7−) values
may be due to the fact that a common effective operator cannot
account for partial blocking of core polarization with increasing
distance from 132Sn as this is not covered by the present valence
space. The main core polarization configurations for the M1 oper-
ator in this region are the neutron ν(h−1

11/2h9/2) and the proton

π(g−1
9/2g7/2) N = 82 and Z = 50 cross-shell excitations [30] be-

sides the ν(d−1
5/2d3/2) which is included in the shell-model valence

space. Corrections due to the A dependence (blocking and mixing)
of core-excited configurations were calculated with an interaction
and valence space used recently for core excited states in 132Sn
and 131In [4]. Free nucleon g factors were used which account for
the experimental νd3/2 and νh11/2 g factors in 131Sn. The results
are shown in the last column of Table 1 and account very well for
the experimental g factor trend (Fig. 5). Core polarization amounts
to 4.8% (130Sn) to 2.5% (126Sn) of the wave function, confirming the
increased blocking as one moves away from 132Sn. The corrections
should be regarded as a trend estimate, as they were obtained in
a different model space with a different interaction. We note that
this approach also reproduces the absolute values and A depen-
dence of the d3/2 and h11/2 quasi-particle states in 125−131Sn. All
shell model results in the present work were performed with the
code OXBASH [31].

Apart from extracting the g factor for this isomeric state, an-
other goal of this work was to establish whether and how much
alignment can be produced in a relativistic fission reaction. The
amplitude of the experimental R(t) curve (Fig. 4a) is indeed re-
lated to the amount of alignment that is present in the implanted
ensemble of isomers [18]. From the experimental amplitude b2 =
0.07(3), and considering the angular distribution coefficient for
total alignment Amax

2 = 0.51 [32] for the stretched E2 cascade
(4 → 2 → 0), we find an alignment A = 18(8)%. Herewith, we
have proven for the first time that isomers produced in a rela-
tivistic fission reaction and subsequently selected as fully-stripped
ions through a fragment separator, are aligned and can maintain
their alignment during the in-flight selection process. The observed
amount is similar to that observed for fragments produced in an
intermediate- or high-energy projectile fragmentation reaction (or-
der of 10–20%).

In conclusion, for the first time a spin-aligned isomeric ensem-
ble was observed in a relativistic-fission reaction. A comparison
with the shell-model calculation for the g factor of the 7− state
in 126Sn supports the assigned configuration and reveals details
on small admixtures in the wave functions both from inside and
outside the pure neutron model space. The amount of spin align-
ment deduced from this experiment and the fact that it can be
maintained during the in-flight selection process, opens the pos-
sibility for further investigations on electromagnetic moments of
exotic nuclei produced in relativistic fission.
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Abstract. The feasibility of measuring g-factors using the TDPAD method applied to high-energy, heavy

fragmentation products is explored. The 2623 keV I
π

= 12
+

isomer in
192

Pb with τ = 1.57 µs has been

produced using the fragmentation of a 1AGeV
238

U beam. The results presented demonstrate for the first

time that such heavy nuclei produced in a fragmentation reaction with a relativistic beam are sufficiently

well spin-aligned. Moreover, the rather large value of the alignment, 28(10)% of the maximum possible, is

preserved during the separation process allowing the determination of magnetic moments. The measured

values of the lifetime, τ = 1.54(9) µs, and the g-factor, g = −0.175(20), agree with the results of previous

investigations using fusion-evaporation reactions.

1 Introduction

g-factors are sensitive probes of the nuclear wave function
which allow detailed tests of model predictions. They can

a
e-mail: maria.kmiecik@ifj.edu.pl

†
Deceased.

provide reliable information on the single-particle struc-
ture of nuclear levels, help to assign spin and parity to the
nuclear state, and in favorable cases details of its wave
function can be deduced.
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Fig. 1. The experimental set-up: the FRS with the detectors for the isotope selection, the stopper in the center of the magnet,

the Ge array and ancillary detectors (validation and veto).

Therefore, the feasibility of the g-factor measurements
is important, particularly for nuclei far from stability
(see e.g. [1–4] and references therein) where nuclear struc-
ture often does not follow a systematic behavior and ex-
perimental observables providing details about the nuclear
structure are of great importance. Fragmentation reac-
tions can populate a wide range of exotic nuclei simulta-
neously, and sophisticated analyzing systems can uniquely
separate, select or identify a specific nucleus on an ion-by-
ion basis. These nuclei can be implanted into a stopper
and, if they have a suitable lifetime (ns to µs), their γ
decay can be measured and correlated with the ions im-
plantation time. If the spin orientation induced in an en-
semble of nuclei by reaction is not isotropic, but spins
are oriented preferentially along or perpendicular to the
beam direction (“spin-aligned”) also their Larmor preces-
sion in an applied magnetic field can be measured and the
g-factor determined.

Fragmentation reactions have been employed rather in
few experiments for investigations of electromagnetic mo-
ments in isomeric states in light and medium mass nu-
clei [1,2,5–7]. The mechanism by which the nuclear spin-
alignment or polarization is produced in such processes is
only partly understood [5,6,8,9]. The spin orientation of
nuclei produced in the reaction can be reduced or even
lost due to the hyperfine interaction with its randomly
oriented electron spin during the flight path through the
mass separator. By producing fully stripped nuclei and
maintaining them fully stripped all the time when passing
through the analyzing system —with magnets, particle de-
tectors and absorbers— the nuclear spin orientation can
be preserved [1,2,5,6].

To conserve a high fraction of the spin-alignment, the
beam impinging on the stopper has to be of very high en-
ergy. As hyperfine interactions posses Z3-dependence [10],
their effect on destroying the spin-alignment will be much
more severe for heavy nuclei. For isotopes of A ≈ 200 this
requires production of fragments with an energy higher
than ≈ 250AMeV up to the last piece of solid material be-
fore the perturbation free stopper (e.g. made from copper
material). In consequence, a high fraction of fully stripped
ions is preserved, since the probability for picking-up elec-
trons is inversely proportional to the fragments velocity.

In addition, even for not fully stripped ions, in the
present case the effect of static hyperfine interactions is
limited. As discussed by Nordhagen et al. [11], in the ab-
sence of external fields, the total spin F , which couples
the nuclear spin I with the atomic spin J , is conserved.
For a high-spin isomer, I ≫ J so I is kept almost parallel
to the total spin F when the external field acts on J .

So far, successful measurements of magnetic moments
with the fragmentation reactions have only been per-
formed for nuclei around Ni and some lighter nuclei. Only
very recently, we have undertaken such experiments within
the gRISING campaign at GSI, for the measurement of
the g-factor in 127Sn [3] and, presently, for 192Pb. Such
fragmentation reactions may become an essential tool to
investigate heavy nuclei far off the stability line.

The latter case, presented in this paper, is to stress
upon the feasibility test for such measurements in the
Pb region using U-fragmentation. To obtain information
on alignment preserved in this type of experiment, the
g-factor of the 12+ isomer at 2623 keV in 192Pb has been
measured with the fragmentation of a 1AGeV 238U beam
and compared to the known value determined before in a
fusion-evaporation reaction [12,13].

2 Experiment

The experiment was performed at the SIS/FRS facility in
GSI. A 238U primary beam at an energy of 1AGeV bom-
barded an 1.023 g/cm2 9Be production target backed by
a 0.221 g/cm2 Nb stripper foil to increase the fraction of
fully stripped ions. The target thickness was chosen not to
influence significantly the momentum spread. Pb isotopes
were produced via fragmentation and separated using the
FRagment Separator (FRS) [14] presented schematically
together with the associated detectors in fig. 1. The beam
intensity was ca. 108 pps, and the rate of the ions im-
planted into the catcher reached in average about 60 pps
per Pb isotope. (The time for the measurement was about
47 hours excluding the time for setting up the apparatus
and calibrations.) The ions were identified event-by-event
using several detectors to determine position (multiwire
counters —MW1 and MW2), atomic number Z (MUSIC
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—ionization chamber) and time of flight (fast scintillators
—SC1 and SC2— measuring also the position) [15]. Mass
identification was performed by measuring both the mag-
netic rigidity (Bρ) and the velocity obtained from time of
flight. The scintillators were placed at the middle and the
final focal planes of the spectrometer. The measured posi-
tion of ions versus A/Q, in both foci (see fig. 3 for the final
focus SC2), enabled the fragments to be identified and al-
lowed the selection of the isotopes of interest ion-by-ion.
For more details about the identification procedure see,
for example, ref. [16].

In the present experiment, the primary beam energy
of 1AGeV was high enough to produce Pb ions with a
remaining energy of ≈ 290AMeV just before the stopper.
As a result 90% of the 192Pb ions was fully stripped at the
final focal plane, reducing the chance of a substantial loss
of alignment by hyperfine interactions.

The spin-alignment of ions produced in fragmentation
reactions is correlated with the momentum of the prod-
ucts [5]. Nuclei with lower (or higher) momentum than the
mean of the momentum distribution correspond to frag-
ments to which the linear momentum has been transferred
either parallel or antiparallel to the beam direction. The
angular momentum of the outgoing nucleus, calculated
empirically as the vector product of the impact parameter
and transferred momentum, is about perpendicular to the
beam as in fusion-evaporation reactions, so the low val-
ues of magnetic substate |m| prevail. This constraint does
not apply to the nuclei with momentum around the mean
value, consequently substates with higher values of |m|
can be populated. Gamma angular distributions generated
by nuclei with different selection of momentum may then
have, in an extreme case, even opposite concavity. Those
two types of alignment may lead, if not separated, to a
cancellation of the measured anisotropy of the γ-radiation.
So, in order to increase the effect of the spin-alignment of
the selected 192Pb nuclei, a cut was imposed on the mo-
mentum distribution. This was done by closing the slits
(denoted SLITS1 in fig. 1) asymmetrically (to the posi-
tions 0 and −20mm) to select the low momentum tail
of the distribution, i.e. ions possessing spins about per-
pendicular to the beam direction. Such measurement con-
dition was required also to reduce the counting rate for
the detector SC1. The momentum distribution calculated
with the LISE++ code [17,18] for open and closed slits is
presented in fig. 2.

The incoming ions were slowed down in a 2 cm
Plexiglas ((C5O2H8)n

) plate which was glued to a 2mm
Cu foil that served as a perturbation-free host for the
stopped nuclei (see [1,2]). The copper stopper had been
annealed prior to the experiment. The stopper was placed
in the center of the magnet providing a vertically oriented
external magnetic field B = 0.160(1)T (measured by the
Hall probe). The polarization of the magnetic field was
alternated up and down every three hours. The stopper
was surrounded by 8HPGe detectors from the RISING
set-up [15], placed at ±45◦, ±75◦, ±105◦ and ±135◦, to
measure delayed γ-rays from the isomeric decay. An ad-
ditional scintillator was placed at the entry to the mag-
net (validation detector) to select only the ions incoming

Fig. 2. The momentum distribution of
192

Pb calculated using

the LISE++ code at the SC1 position for open (line) and closed

(black area) SLITS1. The beam energy was ≈ 590AMeV at

this point.

Fig. 3. The isotopes produced in
238

U beam fragmentation

reaction selected at the final focus of the FRS.

to the magnet. A veto detector placed after the magnet
served to monitor nuclei that had not been stopped and
reject the coincident γ-rays.

The data analysis of the separated isotopes was per-
formed with the use of the SPY/CRACOW software [19].
The result of the selection obtained at the final focus plane
of the FRS (SC2) is shown in fig. 3. Since the FRS was
set up to choose only the lowest part of the momentum
distribution of the 192Pb ions, the observation of other
nuclides —mainly 191Pb— is relatively enhanced. To an-
alyze the γ-rays associated with 192Pb, the appropriate
two-dimensional gate on the SC2 position vs. A/Q was
set. N.B.: with the time settings used in our experiment
no significant isomeric γ transitions were present for gates
set on other than 192Pb isotopes visible in fig. 3.

3 Analysis

The Larmor precession frequency of the isomeric spins is
ω

L
= gµ

N
B/h̄, where g is the nuclear gyromagnetic fac-

tor, µ
N

is the nuclear magneton, and B is the strength of
the external magnetic field. For a state with a µs isomeric
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Fig. 4. (a) Partial level scheme of
192

Pb and intensities taken from ref. [21]. (b) The delayed γ-ray energy spectrum associated

to the 12
+

isomeric state decay in
192

Pb. (c) The time spectrum obtained by gating on E2 γ transitions 599, 565 and 854 keV

with the fit determining the lifetime.

lifetime, such as the Iπ = 12+ isomer in 192Pb, the ω
L

can
be measured by the Time Differential Perturbed Angular
Distribution (TDPAD) method [20,1] since it is most suit-
able for investigation of g-factors of isomeric states with
lifetimes in the τ = 10ns–100µs range. In this method,
the Larmor frequency is observed as a modulation of the
time spectra of the isomeric decay. The known field B and
ω

L
evaluated from the time spectra provide the g-factor.

As a result of the experiment described in sect. 2,
the time spectra of decaying nuclei measured in coinci-
dence with the appropriate γ-ray energies were obtained.
The delayed (for a time of 400 ns < t < 4µs) γ-ray en-
ergy spectrum with the indicated energies of γ-rays from
the decay of 192Pb is shown in fig. 4b. At shorter delay
times the spectrum was not analyzed as it was affected
by the atomic bremsstrahlung [15] caused by the stopping
of the high-energy (≈ 290AMeV) ions in the Plexiglas
plate. The time spectra for the g-factor evaluation were
obtained gating on the 599, 565 and 854 keV stretched E2
transitions (cf. the partial level scheme in fig. 4a). The
statistics from the individual detectors was too small to
determine the g-factor. Therefore we choose four detectors
which could be used to obtain R(t) according the formula
given in the next section. Summed time spectra for the
aforementioned transitions were obtained for the detectors
(denoted A, L, D, and G in fig. 1) at ±45◦ and ±135◦ and
both field directions. One common background spectrum
was generated as the total projection on the time axis of
the γ energy versus the γ time matrix. This spectrum
was subtracted from the individual time spectra associ-

ated with each considered γ transition after normalizing
its intensity to the background under the respective γ line
in the energy spectrum.

The sum of the background-subtracted time spectra
(fig. 4c) was fitted by an exponential function giving a
lifetime of τ = 1.54(9)µs for the Iπ = 12+ isomer in
192Pb in agreement with the value measured in fusion-
evaporation reactions (1.57(6)µs [21,22]).

4 Results and discussion

From the time spectra measured with the detectors de-
noted A, L, D, and G (see fig. 1), and the two oppo-
site directions of the magnetic field, the two combined
spectra were obtained: a = A↑ + L↑ + D↓ + G↓, b =
A↓ + L↓ + D↑ + G↑ (see [23] for more details). In this
notation, letters mean spectra taken with given HPGe de-
tectors while arrows show the directions of the magnetic
field, e.g. A↑ is the time spectrum measured with detector
A (at 45◦) with the field vector pointing upwards.

From these spectra the experimental ratio R(t) de-
fined as R(t) = a−b

a+b

was created which for the cho-

sen detector angles (90◦ ± 45◦) is described by the func-

tion R(t)
th

= 3A2B2

4+A2B2
sin (2ω

L
t) that contains only the

angular-distribution coefficients A2B2 and the Larmor fre-
quency. The A4B4 term of the angular distribution was
neglected.

The experimental R(t) data were fitted by R
fit

=
A sin(2ω

L
t−φ) using the χ2 minimization procedure. The
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Fig. 5. The experimental R(t)-function (filled squares) and

the result of the fit (solid line) (see the text for explanation).

The quality of the fit is shown by the uncertainty depicted as a

shaded area around the fitting function. This region represents

all possible R
fit

(t)-functions calculated for parameters ω
L
, A

and φ within the error limit obtained from the fit.

fit function R
fit

(t) included a phase φ which should be
zero if one uses a zero-degree spectrometer (such as the
FRS) and if only a single isomer is involved. In the 192Pb
case the γ cascade from the 12+ state passes through the
also isomeric 10+ state with τ = 237 ns. However, as the
dominant wave function configuration of both the 12+ and
10+ isomers is the neutron i−2

13/2
[12,13], both states have

very similar g-factors, and consequently the nuclei in both
isomeric states precess with the same frequency. Therefore
no phase shift in the R(t)-function is expected.

The experimental R(t)-function is presented in fig. 5
together with the best fit curve. The amplitude, fre-
quency and phase obtained from the fit to the experimen-
tal data are A = 0.087(30), ω

L
= 0.00135(16) ns−1 and

φ = 0.14(50)◦, respectively.
From the ω

L
value for B = 0.16T, the g-factor,

g
fit

= −0.175(20), was deduced. The negative sign of
the g-factor comes from the negative value of the R(t)-
function for the first half-period of the oscillation (see
fig. 5) and from the A2 > 0 values of the stretched E2
transitions chosen to obtain R(t). The deduced g-factor is
in agreement with the value −0.173(2) measured in fusion-
evaporation reactions [12,13]. Also the fitted phase is zero
within the error bars (0.1(5)◦) as it is expected.

The possible influence of the higher-lying 11− isomer
on the perturbed R(t) pattern, and on the deduced g-
factor value, is negligible. The most intense 162 keV tran-
sition as well as the 439 keV γ-ray which directly feeds
the 8+ level at 2304 keV excitation energy (see fig. 4a),
are not observed. The presence of the 383 keV transition
de-exciting the 8+ state can be understood as arising from
the population of this state through the 12+ decay.

The main result of the present work is the value of the
amplitude, A, of the fit function R

fit
(t), which gives the

amount of preserved alignment after the implantation [24].
It contains information on the coefficient a2 = A2B2,

where A2 is the angular-distribution coefficient (which de-
pends on the multipolarity of the transition) while B2

is the orientation parameter (depending on the orienta-
tion mechanism and the spin of the nuclear state). The
obtained a2 = 0.11(4), calculated from the measured
A = 3a2

4+a2
, can be compared to the value correspond-

ing to the maximum possible angular-distribution coef-
ficient in a stretched E2-cascade, i.e. for full alignment
of the 12+ isomer. This value, taken from Yamazaki [25],
is a2max

= 0.40. Comparing them one can say that the
alignment remaining after production, transportation, se-
lection and implantation is around 28%±10% of the max-
imum. It is sufficiently large, as can be judged from fig. 5,
to apply the TDPAD method for determining a g-factor.

5 Summary

We have presented the results of the g-factor measure-
ment with the TDPAD method for the 12+ state in the
192Pb nucleus produced in a fragmentation reaction using
a relativistic beam. The obtained values of the lifetime and
g-factor of this state are in satisfactory agreement with the
previous results of measurements using fusion-evaporation
reactions [12,13,21,22]. This was the first g-factor mea-
surement for such heavy mass nucleus produced in frag-
mentation reaction. Up to now similar measurement was
done for the much lighter 127Sn [3], but without deriving
information on the alignment. The main aim of the present
experiment was to check if for very heavy nuclei produced
in fragmentation reactions of the relativistic beam a suffi-
cient alignment can be produced and preserved until the
ions are stopped. This has clearly been proven.

The obtained value of the coefficient a2 = 0.11(4),
containing information on alignment, might be compared
with the result a2 = 0.30 for the fusion-evaporation reac-
tion [12,13] and the maximum possible value a2 = 0.40 for
stretched E2 transitions and complete alignment [25]. The
achieved value can be also related to the alignment mea-
sured for medium mass nuclei produced in the fragmenta-
tion of intermediate projectile energy [2,6] and found to
be around 15%.

The alignment obtained in the present work for 192Pb
proves the feasibility of the g-factor measurement for very
heavy nuclei, using fragmentations of relativistic beams. It
shows that such reactions can indeed be used as a key tool
in investigations of electromagnetic moments of heavy nu-
clei far from the stability line, probably also for nuclei with
extreme neutron-to-proton ratios. Very low cross-sections
for the reaction channels to reach those exotic nuclei can
be overcome by increasing the intensity of the primary
beam (what will be possible at FAIR facility) and the use
of the more efficient detector arrays.
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Abstract – We report on g-factor measurements of the 19/2+ T1/2 = 4.5(3)µs isomer in
127Sn

and the 10+ T1/2 = 2.69(23)µs isomer in
128Sn. These isomers were produced and spin-aligned

in relativistic heavy-ion fragmentation at GSI and were selected and separated by the GSI
fragment separator (FRS). The γ-rays of the isomeric decay were detected by the RISING γ-ray
spectrometer. The method of time-differential perturbed angular distributions was utilized. The
measured g-factors, g(19/2+; 127Sn) =−0.17(2) and g(10+; 128Sn) =−0.20(4), are compared
with shell model calculations. The measured g-factors confirm the predominantly νh−211/2 and

ν(s−11/2h
−2
11/2) character of the 10

+ and 19/2− isomers in 128Sn and 127Sn, respectively. The results
demonstrate the feasibility of the method for similar measurements in exotic neutron-rich nuclei.

open  access Copyright c© EPLA, 2010
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Fig. 1: Schematic view of the experimental set-up (see text): the fragment separator (FRS) with the beam-tracking detectors,
the RISING γ-ray detectors (A–D) and (G–L), the electromagnet and the implantation detectors.

Introduction. – Nuclei in the vicinity of closed proton
and neutron shells exhibit simple single-particle excitation
spectra, with rather pure wave functions. This is due
to the fact that there are only few levels close to the
Fermi surface and configuration mixing effects, resulting
from particle-hole excitations across the shell gaps, are
suppressed to a great extent [1]. However, the nuclear shell
model traditionally was established and critically tested
for nuclei close to the region of stability. It is, therefore,
important for a further understanding of the nuclear shell
structure to study nuclei in the vicinity of closed proton
and neutron shells away from the valley of β-stability, such
as 13250 Sn82 or

78
28Ni50.

Nuclear g-factors play a special role in such a quest since
they provide information about the configuration of the
states of interest. In particular, in the vicinity of doubly
magic nuclei, they shed light on the purity of the nuclear
wave function, reflecting the stability of nuclear shells.
A possibility to investigate neutron-rich nuclei is

provided by projectile fragmentation. So far, such reac-
tions were utilized for studies of isomeric moments in
nuclei with A� 70 [2–7]. The spin-orientation of the
isomeric ensemble is produced in the reaction itself.
To preserve as much alignment as possible only fully
stripped nuclei are selected during the flight through a
separator. In such a way perturbation effects, due to
the hyperfine interaction with the randomly oriented
electron spin, are avoided. Within the RISING (Rare
ISotope INvestigations @ GSI) γ array project [8] g-factor
measurements of heavier nuclei were performed [9], taking
advantage of the relativistic beams at GSI.
The cases under study are microsecond isomers in the

neutron-rich Sn isotopes, which have a magic number of
protons Z = 50. The structure of Sn isotopes in the vicinity
of 132Sn with neutron numbers N < 82 is governed by
neutron hole configurations in the negative-parity 1h11/2
and the positive-parity 2d3/2 and 3s1/2 orbitals. Micro-
second isomers are known in the spectra of the even-A and
odd-A Sn isotopes with N < 82, correspondingly [10]. The
10+ microsecond isomers with a leading configuration of

ν1h−211/2 and seniority ν = 2 are observed experimentally in

the Sn isotopes in the mass range A= 116–130 [10]. Three
quasiparticle 19/2+ isomers were observed for the odd-A
Sn nuclei with masses between A= 119 and A= 129 [10].
The ν(3s−11/21h

−2
11/2)19/2+ configuration was assigned to

them [11].
This paper reports a measurement of the g-factors

of the 19/2+ isomer with T1/2 = 4.5(3)µs in
127Sn [11]

and the 10+ isomer with T1/2 = 2.69(23)µs in
128Sn [12]

and addresses the ensuing shell model interpretation.
Preliminary results for 127Sn were published in conference
proceedings [13,14].

Experimental technique and results. – Neutron-
rich nuclei around A≈ 130 were produced and spin-
oriented in relativistic projectile fragmentation of a
136Xe beam at E/A= 600MeV/A on a 1024mg/cm2 Be
production target. The primary beam was provided by the
GSI heavy-ion synchrotron (SIS) with an average intensity
of about 108 ions/s (2 · 109 ions per 10 s spill with a 18 s
repetition period). The fully stripped ions were separated
and identified with the two-stage high-resolution magnetic
zero-degree FRagment Separator (FRS) [15], which was
operated in the standard achromatic mode.
A schematic view of the experimental set-up is shown

in fig. 1. The fragment selection was optimized for 127Sn.
The nuclei of interest were tracked and identified on an
event-by-event basis. The mass-to-charge ratio, A/q, was
determined by measuring the time of flight with scintilla-
tor detectors Sc21 and Sc41 (see fig. 1) and the magnetic
rigidity of the beam, Bρ. Since the Sn isotopes of interest
have A/q values rather close to the primary beam, it was
necessary to introduce slits at the S2 position of the FRS
in order to cut the primary beam and to optimize the load
of the position-sensitive scintillator Sc21, limiting its rate
to below 106 ions/s. The ionic charge, Z, was determined
by the energy loss in the MUlti-Sampling Ionization
Chamber (MUSIC) at the final focus, S4. A typical iden-
tification plot of the ions which reach the final focus of
the FRS, in the present experiment, is shown in fig. 2(a).
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Fig. 2: (a) Ion identification plot. The spots corresponding
to different isotopes are labelled with the isotope notation;
(b) longitudinal momentum distribution for 127Sn; (c) longitu-
dinal momentum distribution for 128Sn. The momentum distri-
bution is measured with Sc21. The vertical lines in (b) and (c)
indicate the momentum selection, which was used in the data
analysis.

The isomeric ensemble produced in the projectile frag-
mentation reaction is spin-oriented, provided that only a
specific part of the longitudinal momentum distribution is
selected, with prolate alignment at the center and oblate
alignment at the wing [2]. The momentum distribution of
the fragments was measured by the position-sensitive scin-
tillator detector Sc21 at the second focal plane of FRS (see
fig. 1). The momentum distributions for 127,128Sn, which
were measured with the FRS setting of the experiment, are
presented in fig. 2(b), (c). An asymmetric S2 slit was used
in order to suppress the primary beam. It cuts also parts
of the momentum distribution for 127Sn (the left wing and
part of the center) and 128Sn (the leftmost wing and the
right wing).
The selected ions were implanted in a high-purity

(99.998%) 2mm annealed copper plate, fixed to a thick
plastic degrader to guarantee that the ions of interest are
stopped in the Cu [9]. The Sc42 and Sc43 detectors were
used for control of the implantation. The isomeric γ-rays
were measured with eight cluster Ge detectors, mounted
in the horizontal plane. They were placed at angles of
±45◦, ±75◦, ±105◦ and ±135◦ with respect to the beam
direction. Each cluster detector consists of seven tapered
Ge crystals, mounted in a common cryostat [16]. The total
γ-ray efficiency of the set-up is about 2% at 1MeV. Ion-γ
coincidences between the ions identified with the FRS
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Fig. 3: (a) Partial level scheme of 127Sn showing the decay of
19/2+ isomer. (b) Energy spectrum for 127Sn and 128Sn gated
on the identification plot. The labelled transitions belong to
the decay of the 19/2+ isomer in 127Sn and 10+ isomer in
128Sn. Unlabled transitions are due to different interactions of
the beam with the set-up materials and natural radioactivity.
(c) Partial level scheme of 128Sn showing the decay of 10+

isomer.

beam-tracking detectors and the isomeric γ-rays were used
as trigger of the data acquisition system in the experiment.
The data analysis was done with the SPY/CRACOW [17]
and ROOT [18] software. Transitions belonging to the
isomeric decay of 127,128Sn can be clearly identified in
the γ-ray spectrum in fig. 3. The rapid drop of intensity
below 150 keV is due to absorbers that were mounted in
front of the Ge detectors in order to suppress the prompt
bremsstrahlung flash. Partial level schemes, revealing the
isomeric decay of 127,128Sn, are presented in fig. 3(a), (c).
Note that the spin-parity assignments in 127Sn are based
on the similarity with the level schemes for the lighter Sn
isotopes and theoretical calculations [11].
The method of the time-differential perturbed angular

distribution (TDPAD) [4,19] was used for the determi-
nation of the g-factors of the isomers in 127,128Sn. The
spin-oriented isomeric ensemble was implanted in a Cu
cubic lattice host. It was placed between the poles of an
electromagnet that generated a constant magnetic field
�B in a vertical direction, B = 0.1200(3)T. As a result, the
isomeric spin ensemble precesses around the magnetic field
with a Larmor frequency ωL =−gBµN/�, which depends
on the value of the magnetic-field strength, B, and the
isomeric g-factor.
The intensity of the isomeric transitions was recorded as

a function of time. The t= 0 signal was generated by an ion
impinging on the plastic scintillator Sc41. The frequency of
the Larmor precession was extracted from the measured
time spectra by sorting experimental R(t) functions for
each γ transition, using detectors positioned at symmetric
angles, θ and θ+π, with respect to the beam line. The
R(t)-function is defined as

R(t, θ, ωL) =
I(t, θ, ωL)− ǫI(t, θ+π/2, ωL)

I(t, θ, ωL)+ ǫI(t, θ+π/2, ωL)

=
3A2B2
4+A2B2

sin(2ωLt), (1)
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Fig. 4: R(t)-function of 127Sn for the 1095 keV (a) and
the 715 keV (b) transition at the wing of the momentum
distribution.

where A2(γ) is the angular-distribution coefficient,
depending on the spin and multipolarity of the γ-rays,
B2 is the orientation parameter, depending on the degree
of alignment produced in the reaction and ǫ is a normal-
ization coefficient. The 4th and higher-order terms were
neglected, because their contribution is about one order
of magnitude smaller. The amplitude of the R(t)-function
depends on the magnitude of the spin alignment of the
isomeric ensemble through the orientation parameter B2.
To reduce systematic errors, it is customary to compose

R(t)-functions using data from the same detector for
two opposite directions of the magnetic field [20]. The
following detector combinations were used (see fig. 1
for the detector labels): I1 = (A+L) ↑+(D+G) ↓ and
I2 = (A+L) ↓+(D+G) ↑, where ↑ and ↓ denotes opposite
(up and down) directions of the applied field. In addition,
γ-rays detected by detectors B, C and J, K, which
are placed at less sensitive angles, were used in the
analysis [13]. R(t)-functions for isomeric decay γ-rays
of 127,128Sn are presented in fig. 4(a), (b) and fig. 5,
respectively. After introducing the momentum selection,
about 104 ion-γ coincidence events were used in the
analysis of each of the transitions presented in figs. 4 and 5.
Useful data could be obtained only for relatively long
times, typically few hundred ns after the prompt event,
due to the atomic bremsstrahlung caused by the stopping
of the high-energy (300MeV/A) ions in the stopper. Even
though the TDPAD method is generally applicable to
isomeric states with lifetimes in the τ = 10ns–10µs range,
this “prompt flash” and the detector response effectively
limit the applicability range to about 1µs and longer when
working with relativistic ions under similar conditions.
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Fig. 5: R(t)-function for the 321 keV transition of 128Sn.

Table 1: Experimental g-factors for single-particle (s.p.) states
in the Sn isotopes and empirical g-factors for the 19/2+ state.

s.p. config. gexp 19/2+ config. gemp

ν(1h−111/2) −0.242(1) [21]

ν(3s−11/2) −2.05 [22] ν(3s−11/21h
−2
11/2) −0.156

ν(2d−13/2) +0.505(3) [21] ν(2d−13/21h
−2
11/2) −0.266

ν(2d−15/2) −0.432(2) [23] ν(2d−15/21h
−2
11/2) −0.241

ν(1g−17/2) +0.195(3) [22] ν(1g−17/21h
−2
11/2) −0.230

The phase of the R(t)-function for the 1095 keV,
(15/2−)→ (11/2−), stretched, E2 transition in 127Sn
corresponds to a negative sign of the g-factor. The
sign has been deduced from the known direction of the
magnetic field, assuming negative alignment in the wing
of the momentum distribution, which is in line with the
measured values [5] and the predictions of the kinematical
fragmentation model [2,24]. The 715 keV transition in
127Sn is a mixed E1/M2 transition suggested to connect
levels with different parities, (15/2+)→ (15/2−) and
displays an opposite phase compared to the 1095 keV
transition. The phase of the R(t)-function for the 321 keV
8+→ 7− stretched E1 transition in 128Sn, which is
measured in the centre of the momentum distribution,
also corresponds to a negative sign of the g-factor.
The fit of the R(t)-functions yields g(19/2+; 127Sn) =
−0.17(2) and g(10+; 128Sn) =−0.20(4). The relatively
large uncertainties are due to the fact that the number of
isomeric γ-rays used in the analysis, ∼ 104, is rather low.
However, the present results provide a feasibility proof for
such experiments. Future improvements in beam intensity
and rate-hardened plastic scintillators can result in more
accurate results in even farther-from-stability nuclei.
The amplitude of the R(t)-function

a=
3A2B2
4+A2B2

(2)

42001-p4



g-factor measurements at RISING

Table 2: Experimental and calculated isomeric g-factors for the Sn isotopes.

SM I SM II
Iπ gexp gfree geff gfree geff

125Sn 19/2+ −0.214 −0.150 −0.190 −0.133
127Sn 3/2+ +0.505(3) [21] +0.933 +0.653 +0.737 +0.516

11/2− −0.242(1) [21] −0.371 −0.260 −0.342 −0.239
19/2+ −0.17(2)a −0.212 −0.148 −0.178 −0.125

129Sn 19/2+ −0.184 −0.129 −0.166 −0.116
124Sn 10+ −0.349 −0.246 −0.337 −0.236
126Sn 10+ −0.355 −0.249 −0.340 −0.238
128Sn 8+ −0.361 −0.253 −0.343 −0.240

10+ −0.20(4)a −0.359 −0.251 −0.344 −0.241
130Sn 10+ −0.364 −0.255 −0.348 −0.244
a Present work.

was deduced as a= 0.060(15) in the case of the 1095 keV
transition in 127Sn, which is assumed as a stretched
quadrupole transition. This results in an alignment of
−19(5)% in the wing of the momentum distribution,
compared to a fully oblate-aligned spin ensemble. The
amplitude of the R(t)-function of the 312 keV 8−→ 7−

transition in 128Sn (stretched E1) is a= 0.044(16), which
corresponds to an alignment of +12(4)% in the centre of
the momentum distribution, compared to a fully prolate-
aligned spin ensemble.

Discussion. –

127Sn. The excitation energies of the 19/2+ isomers
in the Sn isotopes display a similar trend to those of the
5− states in the neighbouring even-even Sn isotopes [10].
The wave function of the 5− isomers is suggested as an
admixture of ν(3s−11/21h

−1
11/2) and ν(2d

−1
3/21h

−1
11/2) terms, the

former being the dominant one, as confirmed by g-factor
measurements for 116,118,120Sn, g(5−,Sn)≈−0.066 [22].
Similarly, the main component of the wave function of
the 19/2+ isomers is accepted as ν(3s−11/21h

−2
11/2) with

an admixture of ν(2d−13/21h
−2
11/2) [11]. In addition, a

ν(1g−17/21h
−2
11/2) admixture was suggested in the 19/2

+

wave function [11], for the explanation of the existence
of the 15% 732 keV, (19/2+)→ (15/2−), stretched, M2
transition (fig. 3(a)). Because of the L-forbiddenness,
this transition cannot take place between states with
the ν(3s−11/21h

−2
11/2) or ν(2d

−1
3/21h

−2
11/2) and the ν1h

−3
11/2

configurations. It can have M2/E3 multipolarity, which
in turn will involve a ν(2d−15/21h

−2
11/2) admixture in the

19/2+ wave function.
The empirical g-factors for these configurations,

calculated using the experimental g-factors for one-
quasiparticle states in the Sn isotopes, are presented in
table 1. The g-factor values for the ν3s−11/2, ν2d

−1
5/2 and

the ν1g−17/2 states are known for lighter Sn isotopes.

The measured g-factor g(19/2+,127 Sn) =−0.17(2) is in
good agreement with the suggested main component of

the wave function. Within the experimental uncertainty,
some configuration mixing might be expected.

128Sn. The 10+ isomers in the Sn nuclei are
suggested to have the ν1h−211/2 configuration. The 10

+

microsecond isomer in 128Sn decays to the 8+ state with
a stretched E2 transition, which in turn decays via a
stretched E1 transition to the 7− isomer (T1/2 = 6.5 s) [12].
The main configuration of the 7− states in the even-

mass Sn nuclei is ν(2d−13/21h
−1
11/2). A detailed study of the

g-factor of this isomer revealed the necessity to consider
core-polarization configurations for the M1 operator in
this region, originating from excitations across the N = 82
and Z = 50 shells [25].
The 10+ and 8+ states are part of ν1h−211/2, seniority

ν = 2 multiplet. As there are two neutrons on the same
orbital, the g-factor of such a configuration is indepen-
dent of the total spin to which they are coupled and
gemp(ν1h

−2
11/2) = gexp(ν1h

−1
11/2;Sn) =−0.24 is expected.

This value is an average of the measured g-factors in the
neighbouring odd-A Sn isotopes. An average value of
g(10+;Sn)≈−0.24 [22] was measured for the 10+ states
in 116,118Sn. The g-factor, g(10+,128 Sn) =−0.20(4),
measured in this experiment is in agreement with these
values, but within the observed experimental uncer-
tainty some admixtures originating from core-polarizing
excitations might be present in this case, too.

Shell model calculations. Shell model analysis was
done starting from two different closed cores. The first
model (SM I) assumes 132Sn as a closed core and uses a
model space for neutron holes in 3s1/2, 2d3/2, 2d5/2 and
1g7/2 from the N = 4 shell plus the intruder 1h11/2 from
the N = 5 shell. The realistic nucleon-nucleon potential
derived from modern meson exchange models was renor-
malized taking into account the specific nuclear medium
to produce the nuclear reaction G-matrix, which was the
starting point for a perturbative many-body scheme for
deriving shell model interactions [26]. The calculations
were done using the CENS software [27]. The experimental
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single-hole energies for the orbitals are taken from 131Sn.
Calculations of the low-lying levels of 127Sn and 129Sn
with the same effective interaction were presented in
ref. [28] and the results are in a good agreement with the
experimental data.
The second model assumes 88Sr as an inert core and

uses the model space for protons 2p1/2, 1g9/2 and for
neutrons 1g7/2, 3s1/2, 2d5/2, 2d3/2, 1h11/2 [29], i.e. the Sn
valence space is the same as in SM I. Non-truncated
shell model calculations (SM II) were recently performed
for the whole Sn region down to 124Sn, using a real-
istic two-body CD-Bonn interaction according to the
method described in ref. [28]. Effective M1 operators
as described above were used, and calculations were
performed with the OXBASH code [30]. The interaction
was monopole tuned to reproduce the 131Sn single-hole
energies. The calculations of the levels of odd Sn isotopes
with the same effective interaction were presented in
ref. [31].
Results with both models for g-factors of single-

particle states in 127Sn, 19/2+ isomers in the odd-A
125,127,129Sn isotopes and 10+ isomers in even-even
124,126,128Sn isotopes, together with the experimental
values, are shown in table 2. Values denoted as gfree are
calculated with the g-factors for free nucleons, the geff
values are calculated with the effective nucleon g-factors
gs = 0.7 · g

free
s .

Based on the occupation numbers, the shell model
analysis supports the suggested main component of the
wave function of the 19/2+ isomer. In general, the calcu-
lated effective g-factors within both approaches are in
agreement with the experimental values. The small differ-
ences between the calculated values are mainly due to the
different cores, and perhaps to the fact that SM II uses
monopole modified interactions.
The calculated g-factors for the 10+ isomer in 128Sn

within both approaches are in a good agreement with
the experimental value. The calculations demonstrate an
amazing stability for the g-factor value of this state for
the 124–130Sn isotopes. Both approaches reproduce well
the g-factors of the ν2d3/2 and ν1h11/2 states, but some-
what underestimate the measured g-factor for the 19/2+

isomer in 127Sn, when the effective nucleon g-factors are
used. This can be due to a ν2d5/2 admixture in the wave
function, 4.7% and 3.5% for SM I and SM II, respec-
tively. It allows a large non-diagonal ν2d5/2→ ν2d3/2
spin-flip matrix element, a core-polarization contribution
that should already be accounted for in the adopted gs
quenching.

Summary. – The measured experimental values for
the g-factors of the 19/2+ and the 10+ isomers in 127Sn
and 128Sn, respectively, confirm the shell model picture
for these nuclei. The experiment provides evidence that
the wave functions of these nuclei, which lie close to the
doubly magic 13250 Sn82, are rather pure. The success of
the present technique using relativistic fragments paves

the way to measurements of nuclei farther from stability
in this mass region.
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Abstract. Relativistic energy projectile fragmentation of 208Pb has been used to produce a range of exotic
nuclei. The nuclei of interest were studied by detecting delayed gamma rays following the decay of isomeric
states. Experimental information on the excited states of the neutron-rich N = 126 nucleus, 204Pt, following
internal decay of two isomeric states, was obtained for the first time. In addition, decays from the previously
reported isomeric I = 27h̄ and I = (49/2)h̄ states in 148Tb and 147Gd, respectively, have been observed.
These isomeric decays represent the highest spin discrete states observed to date following a projectile
fragmentation reaction, and opens further the possibility of doing ‘high-spin physics’ using this technique.

PACS. 25.70.Mn Projectile and target fragmentation – 29.30.Kv X- and gamma-ray spectroscopy

1 Introduction

First results from a major new initiative of experiments
focusing on the study of the internal structure of nuclei
at the extremes of N/Z ratio using isomer spectroscopy
are reported. These experiments represent the first of the
Stopped Beam section of the Rare Isotopes Investigations
at GSI (RISING) project. Exotic nuclei were synthesized

using relativistic projectile fragmentation of E/A = 500–
1000MeV beams of 58Ni, 107Ag, 208Pb.
The present paper presents selected highlightss of

the initial experimental results from this highly success-
ful campaign, with the focus on heavy systems popu-
lated in the fragmentation of the 208Pb projectile.
Some results obtained on the N ∼ Z nuclei are dis-
cussed in [1].
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Fig. 1. Schematic view of the experimental setup. For details see the text.

2 Experimental details

Fragmentation has proven to be an efficient tool to
produce exotic nuclear species. When projectile fragmen-
tation is combined with high sensitivity gamma detection
arrays, structure information can be gained for otherwise
inaccessible nuclei. The highest sensitivity is achieved
with the so-called isomer decay spectroscopy. In this
technique the delayed gamma rays are correlated with the
individually identified ions, therefore there is a minimum
of background radiation. Information on the excited states
populated in this way can be obtained with only some 1000
nuclei produced. Heavy nuclear species were populated in
relativistic energy projectile fragmentation. A beryllium
target of thickness 2.5 g/cm2 was bombarded with an
E/A = 1GeV 208Pb beam provided by the SIS accelerator
at GSI, Darmstadt, Germany. The nuclei of interest were
separated and identified using the FRagment Separator
(FRS) [2] operated in standard achromatic mode. The
setup is shown in figure 1. The achromatic wedge-shaped
aluminum degrader in the intermediate focal plane of
the separator had an average thickness of 4900mg/cm2.
Niobium foils of thicknesses 221mg/cm2 and 108mg/cm2

were placed after the target and the degrader, respectively,
in order to maximise the electron stripping.
The mass-to-charge ratio of the ions, A/q, was

determined from the performed time of flight (measured
between two scintillator detectors SC1 and SC2) and
magnetic rigidity measurements in the second part of the
FRS (the ions were tracked using position information
from SC1 and the multiwire detectors MW1 and MW2).
The energy deposition of the fragments was measured as
they passed through two gas ionisation chambers (IC1
and IC2) separated by a 221mg/cm2 Nb foil. Following
this, they were slowed down in a variable thickness alu-
minum degrader and finally stopped in a ∼7–9mm thick
plastic catcher. Scintillator detectors were placed both in
front of and behind the catcher (SC3 and SC4), allowing
the offline suppression of those fragments destroyed in the
slowing down process or those which were not stopped in
the catcher. The identification of the fragments is based
on the determined A/q, the energy loss in the ionisation
chambers (≈Z), and the longitudinal position of the nuclei
at the intermediate and final focal planes of the FRS. For
more details about the identification procedure see [3].
The plastic catcher was surrounded by the

high-efficiency, high granularity Stopped RISING γ-
ray spectrometer [4]. It consists of 15 Euroball cluster
Ge-detectors, and in the present configurations has nearly

4π geometry. Time-correlated gamma decays upto a delay
time of 400µs from individually identified nuclear species
have been measured, allowing the clean identification of
isomeric decays in a wide range of exotic nuclei. In this
simple form (using a passive stopper) the technique is
sensitive to isomeric decays with lifetimes between 100 ns
and 1 ms. The lower limit arrises form the flightime
through the fragment separator (≈300 ns); the upper
limit is from the necessity to correlate the delayed gamma
rays with the implanted ion. Longer correlation times can
be obtained by using active stoppers.

3 Along the N = 126 line

Information on the neutron-rich N = 126 nuclei is very
scarce. The lack of information is due to the difficulties
in populating these nuclei. Below the doubly magic 208Pb
nucleus there is experimental information on only three
isotones: 207Tl, 206Hg and 205Au. While in both 207Tl [5]
and 206Hg [6] excited states have been observed (including
isomeric states, see figure 2), in 205Au only the ground
state is known (Iπ = (3/2+) [7]).

3.1 206Hg

The yrast states of 206Hg have been previously studied
using deep-inelastic reactions [6]. The partial level scheme
together with the dominant shell model configurations is
shown in figure 2.
The present observation of isomeric states in 206Hg

is important for reaction studies. The delayed gamma-
ray spectrum is shown in figure 3. Population of the 10+

and 5− isomeric states relative to the ground state, the so
called isomeric ratio, will be determined.

206Hg was populated by removing two protons from
the 208Pb beam. Non-direct population of 206Hg states,
by one proton removal to excites states in 207Tl followed
by proton evaporation, involves intermediate states above
the neutron evaporation threshold and it is expected to be
small [8]. Therefore 206Hg is synthesized in a direct two-
proton knockout (also called cold fragmentation) reaction.
Two proton removal cross sections, from E/A = 1GeV

208Pb on a 9Be target, were calculated by Tostevin [8]. The
two-protons were assumed to be uncorrelated and both
the stripping and the diffraction mechanisms were consid-
ered. The direct population of the individual states 10+

(configuration πh−211/2), 8
+ (πh−211/2), 7

− (πh−111/2d
−1
3/2) and
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Fig. 2. Partial level schemes of 207Tl [5] and 206Hg [6]. The
result of the shell model calculation for 206Hg is shown on the
right hand side of the figure.

5− (πh−111/2s
−1
1/2) has been estimated. The calculated cross

sections result in a predicted ratio of isomeric ratios of
the 10+ and 5− isomers of 21:83 [8]. This value, and the
individual isomeric ratios, will be compared with those
extracted from the present experiment. Note that the 5−
isomer has been previously observed in a former fragmen-
tation experiment, and an upper limit of the isomeric ratio
has been determined [9].

3.2 204Pt

204Pt has four protons less than the doubly magic 208Pb
nucleus. Its yrast structure is expected to be dominated
by the proton-hole orbitals πd3/2, πs1/2, πh11/2 and pos-

sible πd5/2 (see level scheme of
207Tl in figure 2.). Its level

scheme is expected to be similar to that of 206Hg.
Gamma-ray spectra associated with 204Pt are shown

in figure 4. Two isomeric decays have been observed, with
a longer lifetime associated to the 872 keV and 1123 keV
transitions, and a shorter to the 1061 keV, 1158 keV and
96 keV gamma-lines. Shell-model calculations are being
performed using the OXBASH code [10], and results on
206Hg are shown in figure 2. The empirical interaction
matrix elements are from [11] and are based on those of
Kuo and Herling [12]. The experimental proton-hole en-
ergies were taken from the experimental level scheme of
207Tl, as shown in figure 2. There is a rather good agree-
ment between theory and experiment for 206Hg (note that
the interaction matrix elements were obtained by fitting
on a range of nuclei, including the 2+ and 5− states of
206Hg [11]). For 204Pt the interpretation of the results and
comparison with shell-model calculations are in progress.

Fig. 3. Delayed gamma-ray spectra associated with 206Hg.
Note that the shape of the background around ∼300 keV is
unphysical, and it is due to used data analysis method.

4 Population of high-spin states

The fragmentation process can be described by the
abrasion-ablation model rather successfully [13]. A key as-
pect of this fragmentation model is the estimation of the
excitation energy and angular momentum of the prefrag-
ments. Such information can be obtained by studying the
population of long lived states. Experimentally we cannot
determine the population of a single state with a given an-
gular momentum, but only the total population of all the
states decaying into the level of interest. Therefore, the
study of the population at high angular momentum from
the tail of the distribution, provides a much more strin-
gent test of the theory than populations at lower angular
momenta. Previous studies showed that in order to un-
derstand the population of high-spin states two sources of
angular momenta have to be considered: from the single-
particles knocked out in the abrasion phase of the frag-
mentation, and a collective angular momentum related
to ‘friction’ (and eventually to the binding energy of the
knocked out nucleons) [14].
In order to study the population of isomeric states

with high angular momenta a measurement with the mag-
netic rigidity setting of the FRS centred on 147Gd was
performed. Several previously known isomeric states were
observed, including the high-spin isomers I = 27h̄ in
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Fig. 4. Delayed gamma-ray spectra associated with 204Pt.
Note that the shape of the background around ∼300 keV is
unphysical, and it is due to used data analysis method.

148Tb [15] and I = (49/2)h̄ in 147Gd [16] (see figure 5).
These are the highest spin discrete states observed to date
following a projectile fragmentation reaction. The isomeric
ratios will be determined and compared with predictions
of different fragmentation models.

5 Conclusions

A wide range of nuclei have been populated in fragmen-
tation of relativistic energy 208Pb. The experiment has
been performed at the FRS-RISING setup at GSI and
was devoted to both nuclear structure and fragmentation
reaction studies. Preliminary results have been presented,
with the highlights on: (i) nuclei along the N = 126 line,
especially the first information on excited states in the
four proton-hole nucleus 204Pt, and (ii) high angular mo-
mentum states populated in the region around 148Tb.
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Abstract. First results are reported from a major new initiative of experiments, which focus on nuclear
structure studies at extreme isospin values by means of isomer spectroscopy. The experiments represent the
first part of the so-called stopped-beam campaign within the Rare ISotope INvestigations at GSI (Rising)
project. Time-correlated γ decays from individually identified nuclear species have been measured, allowing
the clean identification of isomeric decays in a wide range of exotic nuclei both at the proton drip-line and
in heavy, neutron-rich systems. An overview of the experimental technique will be given, together with the
performance of the new germanium detector array and future research plans for the collaboration.

PACS. 23.20.-g – 23.50.+z – 25.70.Mn – 27.40.+z – 27.50.+e

1 Introduction

A central topic in contemporary nuclear structure physics
is the investigation of exotic nuclear matter far from the
line of β stability. An important tool in these studies is
γ-ray spectroscopy, providing valuable fingerprints of
these exotic nuclei and, subsequently, revealing informa-
tion on their internal structure. Rare ISotope INvestiga-
tions at GSI (Rising) combine the existing FRagment
Separator (FRS) [1] – to discriminate radioactive nuclear

beam species – with primarily fifteen high-efficiencyClus-
ter germanium detectors [2] for γ-ray detection.
Rising started in 2003 with the so-called fast-beam

campaign, within which exotic nuclei were studied by
means of relativistic Coulomb excitation, secondary frag-
mentation, or knock-out reactions [3,4]. In late 2005 these
experiments were followed by the g-Rising campaign aim-
ing at the measurement of magnetic moments of isomeric
states populated by either fragmentation reactions or rel-
ativistic fission of heavy primary beam particles. In the
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Table 1. Summary of the main characteristics of the experiments performed within the passive-stopper part of the stopped-beam
Rising campaign.

Focus Aim Primary Beam Spokesperson Date
86Tc T = 0 – T = 1 competition in heavy odd-odd 107Ag at 750 AMeV P.H. Regan 02/06

N = Z nuclei
204Pt Shell-structure south of 208Pb 208Pb at 1000AMeV Zs. Podolyák 02/06
54Ni Isospin symmetry and effective charges near 56Ni 58Ni at 550AMeV D. Rudolph 03/06
130Cd Search for the 8+ π(g9/2)

−2 isomer in N = 82 130Cd 136Xe at 700 AMeV A. Jungclaus 06/06
130Cd Evolution of shell structure near 132Sn 238U at 650 AMeV M. Górska & M. Pfützner 07/06
110Zr Dynamical symmetries in neutron-rich Zr isotopes 238U at 750 AMeV A.M. Bruce 12/06

Pt204

Ni54

Cd130
Tc86

Zr110

high−spin isomers

isomer scans

cross−section
measurement

Fig. 1. Overview of the main aims and additional studies (to
be) performed within the passive-stopper part of the stopped-
beam Rising campaign. See also Table 1.

beginning of 2006 Rising was reconfigured once more to
enable the so-called stopped-beam campaign. This cam-
paign has two major incentives, namely (i) to identify and
study electromagnetic decays of metastable, excited nu-
clear states, and (ii) measure γ rays following β decays
to excited states into the daughter nuclei. In both cases,
the nuclei are implanted and stopped in the center of the
Rising array; either in a passive stopper material, such
as metal or plastic plates, or in the future in an active
stopper material in form of segmented silicon detectors.
This contribution focuses on a summary and some first

results of the first passive-stopper, stopped-beam Rising
campaign. More information is provided in [5,6].

2 Experiments

An overview of the topics and main characteristics of the
Rising experiments within the passive-stopper, stopped-
beam campaign is presented in Table 1 and figure 1. All six
experiments aim at nuclei located at the present border
of knowledge and yield for γ-ray spectroscopy. The two
experiments on the neutron-deficient side of the nuclidic
chart shall reveal information on isospin symmetry aspects
of the effective nuclear force, while the four experiments
on the neutron-rich side intend to probe the evolution of
shell structure far from stability. These topics are mainly

investigated by means of nuclei, which have few nucleon
holes with respect to “classical”, doubly-magic nuclei such
as 56Ni, 132Sn, and 208Pb.
The experiments performed so far have all been very

succesful for the primary goals outlined above: The pre-
dicted isomeric states could be identified in 54Ni, 86Tc,
130Cd, and 204Pt. Furthermore, each experiment was able
to allocate time for a number of secondary goals, which
are also indicated in figure 1. For example, several surveys
for new isomers were performed as well as cross-section
measurements and quests for high-spin states populated
in fragmentation reactions (cf. [5,6]).
The nuclei of interest were produced by either fragmen-

tation reactions or relativistic fission of primary beams
(cf. Table 1) provided by the SIS accelerator at GSI,
Darmstadt, Germany. These beams hit beryllium targets
of varying thicknesses between 1.0 and 4.0 g/cm2. Subse-
quently, the reaction products were selected by means of
a Bρ −∆E − Bρ technique in the FRS [1]. The identifi-
cation in terms of mass A and proton number Z of each
transmitted ion is performed with a suite of detector ele-
ments placed at the intermediate S2 and final S4 focus of
the FRS (cf. [6] for one specific example).
A photograph of the S4 set-up taken at the end of

the first part of the campaign is provided in figure 2.
It shows the respective detector elements as well as the
Rising Ge-array. The secondary beam including the nu-
clear species of interest enters the picture at the bottom
right. It first passes two multiwire chambers (MW41 and
MW42) and two ionization chambers (MUSIC41 and MU-
SIC42). The multiwire chambers yield position and inci-
dent angle of the individual ions, while their differential
energy loss in the ionization chambers provides their pro-
ton number, Z. The following scintillator SC41 provides
both the trigger signal for the data acquisition, the start
signal for the γ-ray timing, and the logic start signal of
the time-of-flight measurement between S2 and S4, from
which the mass-to-charge ratio A/Q of the ions can be de-
rived. Note that Q = Z for most of the experiments. The
ions are then slowed down in an aluminum degrader with
variable thickness to achieve proper implantion in a plas-
tic, beryllium, or copper stopper “foil” (catcher). These
have thicknesses of a few millimeters and are optimized
for the respective experiment. The catcher is hidden in
the center of the encircled Rising Ge-array in figure 2.
Scintillation detectors SC42 and SC43 are placed before
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Fig. 3. Identification of isotopes reaching the S4 focal plane
of the FRS for the 86Tc setting.

and behind the catcher to allow for suppression of ions
having been destroyed during the slowing down process
or passing through the catcher, respectively, in the offline
analysis.
The Rising Ge-array comprises fifteen Cluster ger-

manium detectors [2], i.e., a total of 105 Ge crystals. In the
stopped-beam configuration the Cluster detectors are
arranged in three rings of five detectors at central angles of
51◦, 90◦, and 129◦ with respect to the secondary beam di-
rection. The distance of the crystals from the center of the
S4 focal plane amounts to ∼21 cm. Hence, the array com-
bines high efficiency with high granularity. Notably, the
latter proved to be extremely important for dealing with
the so-called “prompt flash”, which is radiation emitted
while the residues slow down in the catcher. Depending
on reaction and secondary beam energy, only five to ten
crystals were affected in a given event, and could thus not
be used to detect isomeric γ-rays.
Another major step is the digital processing of en-

ergy and timing signals of the 105 Ge crystals using
thirty 4-channel XIA Digital Gamma Finder (DGF) mod-
ules, i.e., two per Cluster. These modules include an
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Fig. 4. Correlation matrix between γ-ray energies and times
following implantations of 86Tc in the stopper. Time zero of
the implantation is given by the intense, vertical line at channel
number ≈ 1008. Delayed γ-ray transition are seen as horizontal
lines fading out towards longer and longer times.

internal 40MHz clock, which allows for time stamping of
the γ-ray events in steps of 25 ns. For time t = 0 refer-
ence, the SC41 trigger signal was also processed in three
DGF channels. For both short-lived isomers and redun-
dancy, a conventional timing branch is installed in parallel
and digitized with a short-range (t ≤ 1 µs) and a long-
range (t ≤ 0.8ms) VME TDC. If the isomer survives the
150–200 ns flight time through the FRS, the γ-ray set-up
was sensitive to isomeric decays in the range of about 10 ns
to 1ms. See [5] for more information on these issues.

3 First results

The first step in the analysis aims at event-by-event iso-
tope identification of the secondary beam particles. Fig-
ure 3 provides a typical example, taken from the very first
experiment within the campaign. A number of Nb, Mo,
and Tc isotopes can be discriminated in a scatter plot of
Z determined from the ionization chambers vs. time-of-
flight (TOF) between the S2 and S4 areas. Here, the focus
lies on the odd-odd N = Z nuclei 86Tc [7] and 82Nb.
For a selected isotope, the next step implies the con-

struction of a correlation matrix between γ-ray energy and
(delayed) time of its observation relative to the implanta-
tion of the ions in the catcher. This is illustrated in figure 4
for the case of 86Tc. The vertical line on the left hand side
marks the “prompt flash”, i.e., implantation time t = 0,
while fading, horizontal lines (here: Eγ = 81, 268, 593,
and 849 keV) indicate decays from isomeric states.
The preliminary results for 82Nb and 86Tc include

good candidates for the 2+ T = 1 isobaric analogue states
of 82Zr and 86Mo, respectively, while the observed iso-
meric states most likely have negative parity, which is in
line with available Nilsson orbitals close to the Fermi sur-
face [8,9]. The final results will thus probe fundamental
isospin T = 0 and T = 1 competition (cf. [10–12]).
Starting from isotope selected γ-ray energy-time cor-

relations as displayed in figure 4, time spectra can be pro-
duced for selected γ rays, which are then used to derive the
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Fig. 5. Panel (a) provides a γ-ray singles spectrum in the time
range 0.05 µs ≤ t ≤ 1.0 µs following the implantation of 54Ni
ions in the stopper. Panel (b) is a γγ correlation spectrum in
coincidence with one of the 451, 1227, or 1392 keV transitions
in 54Ni. The same timing conditions as for panel (a) were ap-
plied, but the FRS gates were less restrictive.

half-lives of the isomers. In turn, clean γ-ray energy spec-
tra and, provided there is sufficient statistics, γγ correla-
tion matrices can be produced by choosing proper timing
windows. This is illustrated in the case of 54Ni in figure 5.
The top spectrum reveals six delayed γ-ray transitions at
146, 451, 1227, 1327, 1392, and 3241 keV, all having the
same lifetime of τ ∼ 220 ns. Note that the 451, 1227, and
1392 keV lines are known to belong to 54Ni, represent-
ing the 6+ → 4+ → 2+ → 0+ cascade in that nucleus
[13–15]. The 146 and 3241 keV lines are suggested to be
the 10+ → 8+ and 8+ → 6+ transitions, at first based
on mirror symmetry to 54Fe, which has a well established
isomeric 10+ state with τ = 525(10) ns [16]. More reli-
ably, they are found in coincidence with the known cas-
cade, which is proven by figure 5(b). Here, another weak
but distinct line can be discriminated at 3386 keV, which
marks the 10+ → 6+ E4 branch of the isomeric decay
in 54Ni.
Interestingly, the 1327 keV line seen clearly in fig-

ure 5(a) is absent in figure 5(b). Since it exhibits (within
uncertainties) the same half-life as the other transitions
and because it fits in energy, we associate it with the
9/2− → 7/2− ground-state transition in 53Co. The 9/2−

state in 53Co can be populated with a direct proton decay
of 1.28 MeV from the 10+ isomer in 54Ni. This would be
the first (indirect) evidence for proton emission following a
fragmentation reaction and bring the associated research
field back to its roots, since direct proton decay was first
observed in 53mCo in 1970 [17].

4 Summary and outlook

To summarize, the first part of the Rising stopped-beam
campaign was highly succesful by discriminating in part

long-sought isomeric states in 54Ni, 82Nb, 86Tc, 130Cd,
and 204Pt. As an unexpected highlight, the first proton-
emitting state following fragmentation reactions could be
established in 54Ni. In addition, the data comprise iso-
meric states in numerous neutron-deficient and neutron-
rich nuclei, which will allow for detailed and systematic
investigations of the fragmentation and relativistic fission
processes, mainly by means of isomeric ratios (cf. [18] and
Refs. therein). Here, the observation of an isomeric 27+

state in 148Tb sets a new high-spin world record for frag-
mentation reactions (cf. [6]).
At present (August 2006), the passive-stopper part

is envisaged to be followed by a series of active-stopper
experiments in 2007. These include isospin symmetry
tests by means of comparing Gamow-Teller strengths
derived from β decay and charge-exchange reactions,
related proton-neutron pairing effects on β decay beyond
N = Z, studies of the evolution of collectivity south
of 208Pb, and, last but not least, a revisit of the 100Sn
region.

The authors gratefully acknowledge the outstanding work of
the GSI accelerator and ion-source crews in providing the ex-
periments with the envisaged high beam intensities. This work
is supported by the European Commission contract No. 506065
(EURONS), the Swedish Research Council, EPSRC (United
Kingdom), the German BMBF, the Polish Ministry of Science
and Higher Education, the Bulgarian Science Fund, the Span-
ish, Italian, and French science councils, and the US Depart-
ment of Energy.
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Abstract. The RISING (Rare ISotope INvestigations at GSI) project constitutes a major pan-european
initiative to study nuclear structure in exotic nuclei. A brief outline of the technical details specific to
studies of isomeric decays following relativistic projectile fragmentation reactions is presented.

1 Introduction

The motivation behind the RISING collaboration is
to utilise relativistic energy stable beams produced by
the SIS synchrotron at GSI to synthesise exotic nuclei
via projectile fragmentation which can then be studied
via gamma-ray spectroscopic techniques. The GSI Frag-
ment Separator (FRS) [1] allows the identification of the
exotic secondary species of interest. A previous configura-
tion of the RISING germanium detector array has been
used to study in-beam γ-ray spectroscopy at relativistic
energies [2]. In February 2006 the RISING detectors were
moved to the Stopped Beam configuration which is the
focus of this brief report. In this configuration, the
RISING array consists of fifteen, seven-element, Euroball
IV germanium ‘cluster’ detectors, mounted in a high-
efficiency, close packed geometry around the final focal
point of the FRS. The nuclei of interest were implanted
in a series of passive stoppers made from either perspex,
copper or berylium placed in the centre of the ar-
ray. Gamma-ray transitions depopulating isomeric states
could then be observed using the technique outlined in
[3–5]. Reports of the first physics results obtained in
the 2006 Stopped Beam campaign can be found in [6,7].
A brief outline of the technical details and performance
characteristics of the RISING array are presented
below.

2 Technical details

2.1 Production, selection and identification
of exotic nuclei

Exotic secondary beams were produced using the projec-
tile fragmentation of high-energy stable beams from the
SIS synchrotron at GSI on thick (∼g/cm2) 9Be targets.
The FRagment Separator (FRS) [1] was used in achro-
matic mode for the selection and identification of the re-
action products using standard time of flight and energy
loss techniques. Particle identification was achieved by the
use of plastic scintillators at the middle and final focal
points to define the magnetic rigidities and velocities of
the secondary ions. MUlti Sampling Ionization Chambers
(MUSIC) at the end of the FRS provided energy loss sig-
nals from which the atomic number of the incoming ion
could be deduced. Details of the particle identification pro-
cedure can be found in [6].

2.2 The germanium array geometry and electronics

In its Stopped Beam configuration the RISING array ([7])
comprises fifteen, seven-element germanium cluster detec-
tors [8]. The detectors are placed in three angular rings
of five detectors at 51, 90 and 129 degrees to the primary
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Fig. 1. (Upper left) Particle identification spectrum showing
production of 94Pd (highlighted ion) following the fragmenta-
tion of 107Ag ions. (Upper right) Width of the prompt flash
in time. (Lower left) Measured prompt crystal multiplicity in
RISING Array for the 94Pd. (Lower right) Mean crystal mul-
tiplicity of the prompt flash as a function of the energy they
deposit in the stopper, see text for details.

beam axis. The average distance of the detectors to the
centre of the array was approximately 22 cm. The photo-
peak efficiency of the array as measured using a standard
137Cs source placed at the stopper was approximately 15%
at 661 keV. Each individual germanium detector had two
parallel pre-amplifier energy outputs which were sent to
two separate branches of the electronics. One was used
in the fully ‘digital’ branch and provided the input sig-
nal for 105 Digital Gamma Finder(DGF-4C) modules [9].
Three parallel CAMAC crates, each holding ten, quad-
input modules were used for this part of the electronics.
The individual DGF channel triggers were validated by a
master trigger signal generated from a fast plastic scin-
tilator detector at the FRS focal point. This signal was
also sent to a DGF channel in each crate in order to pro-
vide an internal check of the synchronisation of the DGF
clocks and also to provide a time-difference measurement
between the arrival of an ion in the plastic scintillator
and the measurement of a delayed gamma-ray via the
DGF gamma time signal. The clock frequency of the DGF
was 40MHz (i.e., 25 ns time steps). The second output
from the germanium preamplifier was sent to an analogue
timing branch which was composed of a standard TFA-
CFD-TDC timing circuit. The output of the CFD was
sent to two seperate TDC modules, one ‘short-range’ (1µs
full range and 0.31 ns/channel step) and the other ‘long
range’ (up to 800µs and a 0.73 ns/channel step). The ana-
logue branch allowed a precise definition of shorter-lived
(∼10 ns) isomers.

3 Array performance

Stopping ions with energies of several GeV in front of a
high-efficiency germanium array such as RISING has a

problem due to the production of atomic radiation (the
so-called ‘prompt flash’). This can cause multiple germa-
nium detectors to fire with the prompt arrival of the ion
and thus significantly reduces the effective efficiency for
the measurement of delayed isomeric decays in the same
event. This was a major concern in the previous fragmen-
tation isomer campaign at GSI (see [4]) causing losses of
up to 80% of the effective gamma-ray efficiency. The high
granularity of the 105 element RISING array was intended
to help to improve this problem. As in the previous cam-
paign the current data show that the multiplicity of the
prompt flash (i.e. number of detector elements which fire)
is dependent on the energy of the ions as they implant in
the stopper (see figure 1). Note that the values are small
with respect to the number of detectors (typically about
5%). Figure 1 shows the particle identificaton plot form
the fragmentation of a 107Ag primary beam of energy 750
MeV/u on a 4 g/cm 9Be target with the ions of the 94Pd
isotope outlined. This isotope has a known [10] 14+ iso-
mer we use for in-beam efficiency callibration. The flash
width in time and mean flash multiplicity are also shown.
The lower right figure shows the flash mean crystal multi-
plicity for the species in the identification plot, the energy
deposition has been evaluated from a simulation of the
FRS [11]. The stopper present for this setting was a 7mm
thick perspex foil.

4 Conclusion and outlook

The RISING Stopped Beam setup will continue with the
development of a position sensitive silicon detector for use
as an ’active’ stopper. This will allow the correlation of im-
planted ions with subsequent beta-decays in the 100ms→
10s range, enabling beta-delayed gamma-ray spectroscopy
of exotic, neutron-rich nuclei using the RISING array (see
[12] for proof of principle of particle-β delayed correlation).
The first experiments using this new setup are planned for
mid-2007.

This work is supported by the EPSRC(UK) and EU-FP6 Con-
tract (EURONS) RII3-CT-2004-506065.
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Abstract. Nuclear spectroscopy using radioactive isotope beams requires dedicated set-ups. State-of-the-
art Ge arrays recently started to provide valuable γ spectroscopic data. At the SIS/FRS facility at GSI
exotic beams at relativistic energies were employed for Coulomb excitation and secondary fragmentation
experiments with the fast beam RISING set-up. Shell evolution far off stability, pn-pairing, symmetries
and nuclear shapes were studied in nuclei ranging from 36Ca to 136Nd. The observation of a I = 27 h̄
state demonstrated that high spin states can be reached in massive fragmentation reactions. This and the
large sensitivity of relativistic in-beam experiments opens a rich ground for advanced nuclear structure
studies. Combining RISING with AGATA γ-tracking detectors and improved particle detection is planned
for future experimental investigations.

PACS. 23.20.-g – 23.50.+z – 25.70.Mn – 27.40.+z – 27.50.+e

1 Introduction

Key subjects of contemporary and future nuclear struc-
ture research include:

• shell structure of known and predicted doubly magic
nuclei and nuclei in their vicinity far off stability,
• isospin symmetry along the N = Z line and mixed
symmetry states,
• deformed shapes and shape coexistence,
• collective modes of nuclear excitation and E1 strength
distribution,
• nuclear moments.
Rare isotope beams (RIB) from both ISOL and

fragmentation accelerator facilities together with high
resolution γ-ray spectroscopy provide the means for ex-
perimental studies in this field. This contribution focuses
on the current spectroscopy activities at GSI, i.e. the
RISING [1] project at the SIS/FRS fragmentation facility,
and discusses future perspectives with FAIR/NUSTAR
[2] and AGATA [3].

2 The RISING experiment

The RISING project started in 2003 with a series of
in-beam experiments employing RIBs at relativistic ener-
gies. In fall 2005 the set-up was modified to enable g-factor
experiments with stopped beams. Since early 2006 decay
experiments are being pursued.
The RISING γ spectroscopy set-up uses rare isotope

beams from the SIS/FRS facility. Primary heavy ion

a for the RISING and AGATA Collaboration

beams provided by the heavy ion synchrotron SIS with
a typical energy of 400–900A·MeV impinge on a produc-
tion target at the entrance of the fragment separator FRS.
Fragments of interest are selected and identified in-flight
on an event-by-event basis using their magnetic rigidity
Bρ, their time of flight between the two scintillation de-
tectors SCI1 and SCI2, see figure 1, and their energy loss
in the multi sampling ionization chamber MUSIC. In or-
der to optimize the secondary beam at the final focus, a
wedge-shaped aluminium degrader is placed at the mid-
dle focal plane of the FRS. The multiwire detectors MW1
and MW2 serve to determine the position and direction
of the beam particles in order to obtain the interaction
point at the secondary target. Be or Au targets of several
100mg/cm2 thickness are used at the final focus for sec-
ondary fragmentation reactions and Coulomb excitation
respectively. The reaction products are selected using the
calorimeter telescope array CATE [4], consisting of an ar-
ray of 3 × 3 Si-CsI(Tl) ∆E-E telescopes. The energy loss
in the Si detectors provides unambiguous Z identification
after the secondary target. Due to the parallel momentum
distribution in fragmentation processes, the total energy
measurement of the fragments is however insufficient to
completely distinguish masses. Position sensitivity of the
Si detectors enables scattering angle determination. Since
2005 an additional thin position sensitive Si ∆E detector
with a size of 5× 5 cm2 was placed directly after the sec-
ondary target. Together with the CATE Si ∆E detectors
the fragment trajectories were determined with a position
resolution of 3mm in x and y.
The γ-rays emitted by the reaction products were mea-

sured in the in-flight experiments with 15 Cluster Ge de-
tectors, containing 7 crystals each, positioned in three
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Fig. 1. Schematic of the RISING in-flight set-up.

rings at extreme forward angles of 16◦, 33◦ and 36◦. For
some experiments up to 8 six-fold segmented MINIBALL
triple Ge detectors were arranged in two rings with cen-
tral angles of 45◦ and 85◦ relative to the beam line at for-
ward angles. The full energy efficiency of this arrangement
amounts to 3% for 1.3MeV γ rays emitted at v/c = 0.5.
In addition the HECTOR array [5], consisting of 8 large
volume BaF2 detectors, was situated at angles of 85◦ and
142◦. The position sensitivity of the MINIBALL detec-
tors allowed them to be placed at a close target distance
of 250mm, while the Cluster and HECTOR detectors sat
at larger distances of 700mm and 300mm, respectively.
In order to obtain the best energy resolution for the γ-
rays emitted in flight at velocities of v/c ≈ 0.5, excellent
tracking of the moving nuclei is mandatory. Employing
sophisticated analysis algorithms an energy resolution of
≤1.5% was achieved.
Relativistic Coulomb excitation was used in several ex-

periments in order to extract absolute B(E2) values of
the first excited state in unstable nuclei. In the isotopes
56Cr and 58Cr the results confirm the subshell closure at
N = 32 which was already indicated by the excitation
energy of the 2+ state in 56Cr [6]. The result presents
a challenge for large scale shell model calculations which
predict a much larger B(E2) value. In the 108Sn isotope the
obtained B(E2) value is in agreement with the theoretical
calculations [7]. Secondary fragmentation reactions were
used in several experiments to study proton rich unstable
nuclei. Preliminary results on T = 3/2 mirror nuclei in the
A ∼ 50 region show the potential power of this method
[8].
The secondary 1n knock-out reaction was used to mea-

sure the energy of the first excited 2+ state in 36Ca which
is the mirror nucleus of 36S [9]. The excitation energy was
found to be 276 keV lower than in the T = 2 mirror nu-
cleus 36S, indicating that a major part of the Coulomb
energy difference is due to the Thomas-Ehrmann shift.
Besides the Coulomb excitation of the first excited 2+

state, relativistic Coulomb excitation of 136Nd at RIS-
ING allowed to populate also the second excited 2+ state
and to deduce three B(E2) values. Figure 2 shows the

corresponding γ spectrum, demonstrating the high qual-
ity which can be achieved by optimal background reduc-
tion and Doppler correction in the analysis. The results
confirm that this nucleus is indeed triaxial.
The decay spectroscopy programme of the RISING

project is discussed in another contribution to this is-
sue [10]. One finding of this on-going campaign opens an
important perspective for in-beam experiments. By mas-
sive fragmentation of a 208Pb beam on a Be target a
27+ isomer was populated in the isotope 148Tb [11]. The
population of medium spin metastable states produced
in relativistic-energy fragmentation of a 238U beam has
been observed previously already [12]. For states with an-
gular momentum ≤20h̄, a much higher population than
expected has been found. By introducing a collective com-
ponent to the generation of angular momentum the exper-
imental data can be understood. The new data support
this interpretation and demonstrate convincingly that the
high angular momentum part of the spin distribution in
massive transfer can reach several percent. Therefore frag-
mentation reactions may be used for in-flight high spin
spectroscopy, complementing classical fusion evaporation
reactions which are not suited for neutron rich nuclei.

3 The AGATA Demonstrator

To fully exploit the exotic beams, lasting problems in
detection efficiency have to be solved. They result from
limited beam intensity, particularly for the most exotic
nuclei, a wide range of beam velocities (from stopped to
v/c ∼ 0.5), high γ ray and particle background and γ ray
multiplicities up to M = 30, which are typical character-
istics of the reactions. A 4π γ-ray array with highest effi-
ciency, selectivity and energy resolution is required which
is capable of high event rates. These features can only be
achieved with a close packed arrangement of detectors.
The individual interaction points of the γ quanta have to
be determined by pulse shape analysis and disentangled by
tracking algorithms. The Advanced GAmma Tracking Ar-
ray, AGATA [3], will provide 25% to 40% full energy
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Fig. 2. Doppler corrected γ spectrum of 136Nd after Coulomb excitation on Au.

Fig. 3. Comparison of spectrum quality with RISING (left) and AGATA (right) (courtesy A. Bürger [13]).

efficiency depending on the γ multiplicity. The position
resolution is sufficient for an energy resolution of 0.4% at
a beam velocity of v/c = 0.5. The first AGATA detector
unit even surpassed its design qualities in an in-beam ex-
periment. Therefore planning of experimental campaigns
employing AGATA detectors has started in accord with
the advent of future RIB facilities.
For future γ ray detection at the SIS/FRS facility the

AGATA Demonstrator array is proposed in conjunction
with the Cluster Ge detectors used in RISING. The 15
detector elements of the AGATA sub-array placed at a
distance of ca. 15 cm at forward angles already provide
about 8% efficiency at 100MeV/u. The position resolu-
tion of <5mm ensures an energy resolution after Doppler
correction of ≈0.4% at 100MeV/u. Figure 3 shows the im-
provement of spectrum quality inferred from simulation
calculations [13]. The 15 Cluster detectors are proposed
to cover intermediate and backward angles. In a compact
arrangement they will add 16% efficiency at a moderate
4% energy resolution. Combining both systems enables
highly selective γγ-coincidences to be measured in frag-
mentation reactions.
For the proposed campaign novel detectors emerging

from FAIR/NUSTAR developments should become avail-
able. In particular it is planned to replace the MUSIC

detector and one of the multi-wire chambers by Si strip
detectors to increase the count rate capability at the final
focal plane and reduce the energy straggling.
Experience from RISING plus CATE experiments

shows that high-quality beam tracking and higher granu-
larity at central angles is crucial to achieve optimal mass
resolution. The inclusion of flight-time measurement is
also essential, because the velocity uncertainty due to re-
action mechanisms and slowing down processes in the sec-
ondary target prevent a clean mass identification solely
based on ∆E/E information. Therefore, Etot-ToF will be
employed with a position sensitive ∆E/E calorimeter and
fast scintillators. The set of detectors behind the target
will be renewed completely within the LYCCA (Lund-
York-Cologne CAlorimeter) project, initiated to upgrade
RISING.
The efficiency as well as the energy resolution of the

AGATA part of the proposed layout is almost three times
higher then what is achieved with the current RISING
set-up. The total efficiency including the Cluster detectors
is even 24%! Keeping in mind the low to moderate multi-
plicities expected the gain in sensitivity and selectivity is
substantial. Combining both systems enables e.g. for the
first time highly selective γγ-coincidences to be measured
in fragmentation reactions. In addition, a suite of ancillary
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detectors which will be developed within FAIR/NUSTAR,
may be used to further enhance the sensitivity and selec-
tivity of the set-up.

References

1. H.J. Wollersheim et al., Nucl. Instrum. Meth. A 537, 637
(2005)

2. NUSTAR Technical Proposal (GSI Darmstadt, 2005)
3. AGATA Technical Proposal, edited by J. Gerl, W. Korten
(GSI Darmstadt, 2001)

4. R. Lozeva et al., Nucl. Instrum. Meth. A 562, 298 (2006)
5. A. Maj et al., Nucl. Phys. A 571, 185 (1994); F.Camera,
Ph.D. thesis, University of Milano, Italy, 1992

6. A. Bürger et al., Phys. Lett. B 622, 29 (2005)
7. A. Banu et al., Phys. Rev. C 72, 061305 (2005)
8. G. Hammond et al., Acta Phys. Pol. B 36, 1253 (2005)
9. P. Doornenbal et al. (private communication); Phys. Lett.
B (submitted)

10. D. Rudolph et al. (this conference)
11. Zs. Podolyák et al. (this conference)
12. Zs. Podolyák et al., Phys. Lett. B 632, 203 (2006)
13. A. Bürger, W. Korten (private communication)



First Results from the Stopped RISING Campaign at GSI: 
The Mapping of Isomeric Decays in Highly Exotic Nuclei

P.H.Regan1, A.B.Garnsworthy1,2, S.J.Steer1, S.Pietri1, Zs.Podolyák1, D.Rudolph3, 
M.Górska4, L.Caceres4,5, E.Werner-Malento4,6, J.Gerl4, H.J.Wollersheim4, 

F.Becker4, P.Bednarczyk4, P.D.Doornenbal4, H.Geissel4, H. Grawe4, J.Grębosz4,7, 
R.Hoischen3, A.Kelic4, I.Kojouharov4, N.Kurz4, F.Montes4, W.Prokopowicz4, 

T.Saito4, H.Schaffner4, S.Tashenov4, A.Heinz2, M.Pfützner6, T.Kurtukian-Nieto8, 
G.Benzoni9, M.Hellström2, A.Jungclaus5,  L.-L.Andersson3, L.Atanasova10, 

D.L.Balabanski11, M.A.Bentley12, B.Blank13, A.Blazhev14, C.Brandau1,4, J.Brown12, 
A.M.Bruce15, F.Camera9, W.N.Catford1, I.J.Cullen1, Zs.Dombradi16, E.Estevez8, 

C.Fahlander3, W.Gelletly1, G.Ilie14, E.K.Johansson3, J.Jolie14, G.A.Jones1, 
M.Kmiecik6, F.G.Kondev17, S. Lalkovski10,15, Z.Liu1, A.Maj7, S.Myalski7, 

S.Schwertel18, T.Shizuma1,19, A.J.Simons1, P.M.Walker1, O. Wieland9

1Dept. of Physics, University of Surrey, Guildford, GU2 7XH, UK
2WNSL, Yale University, New Haven, CT 06520-8124, USA

3Department of Physics, Lund University, S-22100 Lund, Sweden
4GSI, Planckstrasse 1, D-64291, Darmstadt, Germany

5Departamento de Fisica Teórica, Universidad Autonoma de Madrid, E-28049, Madrid, Spain
6IEP Warsaw University, Hoźa 69, PL-00-681

7The Henryk Niewodniczański Institute of NuclearPhysics, PL-31-342, Kraków, Poland
8Universidad de Santiago de Compostela, E-15706, Santiago de Compostela, Spain

9INFN, Universitá degli Studi di Milano, I-20133, Milano, Italy
10Faculty of Physics, University of Sofia, BG-1164, Bulgaria & The Institute for Nuclear Research, Bulgarian 

Academy of Science, BG-1784, Sofia, Bulgaria
11Dipartimento di Fisica, Universit ´a di Camerino, I-62032, Italy

  12Dept. of Physics, University of York, Heslington, York, Y01 5DD, UK
13CENBG, le Haut Vigneau, F-33175, Gradignan Cedex, France

14IKP, Universit¨at zu K¨oln, D-50937, K¨oln, Germany
15School of Engineering, University of Brighton, Brighton, BN2 4GJ, UK

16Institute for Nuclear Research, Debrecen, H-4001, Hungary
17Nuclear Engineering Division, Argonne National Laboratory, Argonne IL-60439, USA

18Physik Department E12, Technische Universität München, Garching, Germany
19Japan Atomic Energy Agency, Kyoto, 619-0215, Japan

Abstract.  The first results from the Stopped Beam RISING experimental campaign performed at the GSI laboratory in 
Darmstadt, Germany, are presented. RISING (Rare ISotope INvestigations at GSI) constitutes a major new experimental 
program  in  European  nuclear  structure  physics  research  aimed  at  using  relativistic-energy,  projectile-fragmentation 
reactions to study nuclei with exotic proton-to-neutron ratios. This paper introduces the physics aims of the Stopped 
RISING collaboration and presents some technical details and initial results from experiments using the RISING array to 
study decays from metastable nuclear states in both proton and neutron-rich nuclei. 

Keywords: Gamma-ray spectroscopy; nuclear isomers; nuclear structure; nuclear level lifetimes. 
PACS: 21.10.-k ; 23.20.Lv ; 25.70.Mn



INTRODUCTION

The study of the internal structure of atomic nuclei 
with exotic proton to neutron ratios has become a main 
thrust of nuclear physics research worldwide [1]. This 
interest  has  led  to  the  development  of  radioactive 
beam facilities which allow the production and study 
of  nuclei  species  of  specific  elements  as  radioactive 
beams of nuclei [2]. Two main techniques are used for 
such work, namely (i) Isotope Separation On Line and 
(ii) Projectile Fragmentation/Fission. In the latter, fast 
beams  traveling  at  speeds  greater  than  the  Fermi 
velocity  (i.e.  typically  with  energies  greater  than  50 
MeV  per  nucleon)  are  used  to  induce  reactions  on 
thick  stationary  targets.  Large  magnetic  separators 
such as the GSI Fragment Separator (FRS) [3,4] can 
then  be  used  to  both  select  and  identify  the  exotic 
secondary species of interest using magnetic rigidity, 
time  of  flight  and  energy  loss  measurements.  Such 
high-energy collisions produce a plethora of residual 
nuclei following a two step process of abrasion (i.e., 
the initial removal of nucleons from the beam nucleus) 
and a ablation (i.e. the evaporation of subsequent light 
particles as the hot  initial fragment cools down) [5]. 
This paper reports on the first results of the Stopped 
RISING  collaboration,  aimed  at  investigating  the 
structure of exotic nuclei following their production in 
projectile fragmentation reactions at GSI.   

THE RISING PROJECT

RISING is  the  acronym  for  ‘Rare  Isotope 
INvestigations at GSI’ and involves the use of high-
efficiency  germanium  CLUSTER  detectors  [6]  for 
nuclear  spectroscopy  studies  using  projectile 
fragmentation beams.  

The Stopped Beam RISING Project 

The  Stopped  Beam RISING  project  is  aimed  at 
utilizing the combined power of a highly modular  γ-
ray spectrometer with the selection power of the FRS 
to identify decays from (i) metastable states in and/or 
(ii) following the β-decay of the exotic nuclei. The use 
of  projectile fragmentation reactions to study decays 
from metastable states was pioneered in experiments at 
the  GANIL  laboratory  using  intermediate  energy 
beams [8-10].   Subsequent work using higher energy 
beams  approaching  1  GeV  per  nucleon  has  been 
carried at GSI using heavy beams such as 208Pb [11-15] 
and  238U [16-18].   A significant  part  of the Stopped 
Beam RISING Campaign is aimed at building on these 
previous experiments in order investigate the limits of 
nuclear isomer spectroscopy. 

FIGURE 1.  Photograph of the RISING array in its Stopped 
Beam configuration. To the right of the array are the variable 
thickness  aluminum  degrader  together  with  various 
scintillators and ionization chambers used to provide the time 
of flight, position and energy loss information to identify the 
fragmentation residues event-by-event. 

Figure 1 shows a photograph of the RISING array 
in  its  Stopped  Beam  configuration.  The  beam-line 
elements  directly  to  the right  of  the  array include  a 
variable  width  aluminum  energy  degrader  (which 
allows  the  experimenters  to  vary  the  energy  of  the 
incoming secondary ions such that they can be tuned 
to stop in the passive stopper placed in the center of 
the  RISING  array.  In  its  Stopped  RISING 
configuration  RISING  consists  of  fifteen,  seven-
element  germanium  cluster  detectors  [6],  placed  in 
three rings of five detectors centered at  51o, 90o and 
129o to  the  secondary  beam axis.  The  detectors  are 
placed  approximately  22  cm from the  center  of  the 
final focal plane of the GSI Fragment Separator. The 
photopeak γ-ray efficiency measured in the center of a 
7 mm thick plastic passive stopper placed in the focal 
plane  was  measured  to  be  14(1)%  at  661  keV and 
9(1)%  at  1332  keV  for  102  working  crystals  (note 
these values are without Compton add-back between 
neighboring detectors).
 One of  the major  innovations  utilized in  the initial 
Stopped  Beam RISING experiments  was  the  use  of 
digital  electronics  to  process  both  the  energy  and 
timing  signals  from the  germanium detectors.  These 
were instrumented using 4-fold DGF (‘Digital Gamma 
Finder’)  modules  similar  to  those  described  in  [19]. 
These  modules  incorporate  a  free  running  internal 
clock with an intrinsic 25ns timing stamp associated 
with  each  γ-ray  event.  This  enables  excellent 
correlation  to  be  determined  between  specific  ions 
implanted in the passive stopper placed in the center of 
the FRS final  focal  plane and any subsequent decay 
from isomeric states with half-lives in the 10ns to 1ms 
range.  



FIGURE 2.  Selection of results associated with the Stopped RISING experiment using the projectile fragmentation of a 107Ag 
primary beam to study isomeric states in N~Z nuclei. (a) Particle identification plot showing Z (deduced from the particle energy 
loss) and time of flight through the FRS. Those ions identified with 86Tc and 84Nb are highlighted using the hexagons. (b) 2-D 
matrix of measured γ-ray energy in the RISING detectors versus time of detection after ion implantation in the stopper as measured 
using the digital clock on the DGF modules. (c) Same as (b) but gated on 84Nb ions. (d) transitions below the previously reported 
isomer in 84Nb [20] from γ-ray and time projections of cuts on the matrix in figure (c)   

Experimental Examples 

The first two initial experiments performed as part of 
the Stopped RISING campaign were studies using the 
projectile fragmentation of: (i) a 750 MeV/u 107Ag  and 
(ii) 1 GeV/u 208Pb beam to study (i) isospin symmetry 
and proton-neutron pairing effects and (ii) the role of 
proton-hole excitations in the doubly magic 208Pb core 
and  the  robustness  of  the  N=126  shell  closure  in 
neutron-rich  nuclei  respectively.  Figure  2  shows 
examples  of  the  raw  particle  identification  spectra 
produced  in  the  study  of  the  N=Z=43 nucleus,  86Tc 
using  the  107Ag primary beam.  By selecting specific 
species,  previously  reported  isomeric  decays 
associated with neighboring nuclei such as  84Nb [20] 
can be selected.  Two-dimensional matrices of γ-ray 

energy versus decay time after implantation can then 
be created for each individual nuclear species.

FIGURE  3.  Delayed  γ-ray  energy  and  time  spectra 
associated with isomers in the N=Z nuclei  86Tc (upper) and 
82Nb (lower) following the fragmentation of a 107Ag beam.
By making cuts on these 2-D arrays, energy and time 
spectra  can  be  cleanly  resolved.  The  low-energy 



response  of  the  array  in  the  Stopped  RISING 
configuration  is  demonstrated  by  the  observation  of 
the 48 and 65keV lines in  84Nb (see figs 2c and 2d). 
Figure  3 confirms the previously reported isomer in 
86Tc [10] and an isomer is identified for the first time 
in  the  N=Z=41  system,  82Nb.  Figure  4  shows  the 
previously  reported  isomers  in  the  N=126  nucleus 
206Hg  [21]  associated  with  a  low-lying  Iπ=5-,  two-
proton hole excitation and a higher-lying maximally 
aligned Iπ=10+ (πh11/2)-2 configuration. Similar decays 
are observed in the N=126 isotone  204Pt for  the first 
time in this work. The enhanced population of high-j  
seniority  states  in  ‘knockout’  reactions  has  recently 
been proposed as a potential mechanism for the study 
of even more exotic neutron-rich systems [22]. 

FIGURE 4.  Delayed γ-ray spectra associated with isomeric 
decays in the N=126 isotones 204Pt and 206Hg [21]. 

Figure  5  shows  the  previously  reported  isomers  in 
147Gd  [23]  and  148Tb  [24]  populated  following  the 
fragmentation of the  208Pb beam. The isomer in  148Tb 
represents the highest discrete spin (27ħ) observed to 
date  using  projectile  fragmentation  reactions.  This 
demonstrates the prospects for future high-spin studies 
with this method, particularly in neutron-rich nuclides 
inaccessible with stable beam/target fusion reactions.

 Future Plans and Related Work

RISING Isomer experiments have also been performed 
using  58Ni,  136Xe and  238U primary beams. Highlights 
include the identification of core breaking isomers in 
the 54Fe/54Ni mirror pair and new shell model isomers 
close  to  the  132Sn  doubly  magic  core.  Future  plans 
include  the  use  of  fission  fragments  for  studies  of 
neutron-rich  A~110-130  nuclei  and  the 
implementation of a segmented silicon ‘active stopper’ 
for  β-delayed  spectroscopy.  Initial  experiments  to 
measure  β-decay half-lives  have provided promising 

results for this future stage of the project [25].

FIGURE 5.  Delayed γ-ray spectra associated with the high-
spin isomers in 148Tb and 147Gd from the 208Pb experiment.
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The preliminary results from the RISING Stopped Beam Isomer Campaign are pre-
sented, with specific focus on results of the initial experiment to investigate isomeric
decays along the N=Z line around A∼80-90 following the projectile fragmentation of a
107Ag primary beam at an energy of 750 MeV per nucleon. A description of the technical
aspects behind the design of the RISING array is presented, together with evidence for
previously unreported isomeric decays in 87,88Tc and the N=Z nuclei 82

41Nb and 86
43Tc.

1. INTRODUCTION

The use of projectile fragmentation reactions as a tool to populate and study the struc-
tural properties of nuclei with exotic proton-to-neutron ratios has become widespread
over the last decade. Specifically, isomeric decays from states with lifetimes ranging from
tens of nanoseconds to milliseconds have been studied using the fragmentation process at
both intermediate (see e.g. [1–5]) and relativistic (e.g., [6–13]) energies. RISING is the
acronym for ‘Rare ISotope INvestigations at GSI’ and constitutes a major experimental
programme in European nuclear structure physics research, aimed at using relativistic
energy (typically 500→1000 MeV per nucleon) projectile fragmentation reactions to pop-
ulate nuclei with highly exotic proton-to-neutron ratios compared to those on the line of
beta stability. RISING consists of fifteen, seven element ‘cluster’ germanium detectors
[14], which were formerly part of the EUROBALL gamma-ray array. The RISING array
can be coupled to the Fragment Separator (FRS) [15] at GSI in order to observe decays
from excited states in exotic nuclei formed following projectile fragmentation and fission
at relativistic energies.

This paper describes results from the subsequent ‘Stopped Beam’ campaign using the
RISING detectors to study decays from isomeric states. (Details of the ’in-beam’ phase of
the RISING project, the so-called ’Fast-Beam’ campaign, can be found in reference [16].)
In its high-efficiency Stopped Beam configuration, the RISING gamma-ray spectrometer
consists of 105 individual, large volume germanium crystals that view a focal plane in
which the exotic nuclei are brought to rest (i.e. ’stopped’). Here, decays from metastable
excited states with half-lives in the nano-to milliseconds range can be observed, often
providing the first spectroscopic information on these exotic nuclear species. This paper
introduces the physics aims of the Stopped RISING collaboration and presents some tech-
nical details on the RISING detector array. Results from one of the initial commissioning
experiments are also shown and details of the planned future experimental program are
given.

2. Experimental Details and Particle Identification Techniques.

The RISING array in its Stopped Beam configuration comprises 15, seven-element
germanium cluster detectors in a high-efficiency configuration (see figure 1). The detectors
were placed in three angular rings at 51, 90 and 129 degrees to the secondary beam axis,

∗This work is sponsored by EPSRC(UK), The Swedish Research Council, The Polish Ministry of Science
and Higher Education (grants 1-P03B-030-30 and 620/E-77/SPB/GSI/P-03/DWM105/2004-2007), The
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EURONS (European Commission contract number 506065).
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each containing 5 cluster detectors. The average distance from the front face of the
detectors to the centre of the passive stopper at the final focal plane was approximately
22 cm. The measured photopeak γ-ray efficiency for the array in this geometry for sources
placed in the centre of the focal plane was approximately 15% at 661 keV.

Figure 1. Photograph of the RISING gamma-ray array in its Stopped Beam configuration
showing the aluiminium degrader and MUSIC energy loss detectors. The secondary beam
enters from the right hand side of this picture.

The first experiment using the RISING array in its stopped beam configuration was
aimed at the investigation of nuclear structure along the N=Z line approaching 100Sn.
Specifically, the aim was to use decays from isomeric states to populate and study the
internal decays in the N=Z nuclei 82Nb and 86Tc in order to shed light on the competing
roles of T=1 and T=0 proton-neutron pairing in atomic nuclei [17].

The nuclei of interest in the first commissioning experiment were populated following
the projectile fragmentation of a 107Ag primary beam at an energy of 750 MeV per
nucleon. The beam impinged on a 4 g/cm2 beryllium production target with a typical
intensity of 1→3×109 particles per extraction spill. The SIS extraction spill lengths used
for the 86Tc production runs were typically 5→6 seconds over a total cycle time of 10
seconds. Standard time of flight, position and energy loss parameters were used to provide
unambiguous particle identification through the FRS. At the end of the FRS, the ions
passed through a variable thickness aluminium degrader (as shown directly to the right
of the gamma-ray array in figure 1) such that the ions of interest came to rest in a passive
stopper placed in the centre of the RISING array. In this experiment, the stopper was
made from a multi-layered perspex block of total thickness 7 mm. Delayed gamma-rays
were then detected using the RISING array. Each detected gamma-ray was time-stamped
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using a 40MHz clock as part of the DGF4 timing and energy signal processing [18]. More
detail of the electronics and signal processing for the Stopped RISING array can be found
in reference [19].

3. Experimental Results

Figure 2 shows the calibrated particle identification spectrum centred on 86Tc ions
following the 107Ag projectile fragmentation. Figure 3 shows a two-dimensional calibrated
matrix of delayed gamma-ray energy versus time after implantation in the perspex stopper,
gated on the condition that clean, 86Tc ions were identified in the event.

Figure 2. Calibrated particle identification spectrum centred on the N=Z line following
the fragmentation of a 107Ag beam. The atomic number and A

Q
parameters were derived

event-by-event using time of flight, position, magnetic rigidity and energy loss parameters
for the ions as they passed through the GSI Fragment Separator.

Figure 4 shows a projection of the 86Tc gamma-ray energy versus time matrix shown
in figure 3 and clearly identifies transitions associated with internal, isomeric decays in
this N=Z=43 nucleus. The transitions at 593 keV and 849 keV are consistent with the
lines assigned to this nucleus in our previous work [2,3]. The gamma rays at 593 keV,
849 keV and 81 keV are also shown to be in mutual coincidence following a gamma-gamma
coincidence analysis on the current data when gated on 86Tc ions. The ability to perform
gamma-gamma coincidence analyses in such exotic nuclei provides a striking example of
the resolving power provided by the high efficiency, high-granularity RISING array in
its Stopped Beam configuration. Figure 4 also shows previously unreported transitions
following isomeric decays in 87,88Tc. (The published data to date on these nuclei come from
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Figure 3. Two dimensional matrix of gamma-ray energy versus time after implantation (as
measured using the DGF timing), gated on 86Tc ions produced following the fragmentation
of a 107Ag beam at an energy of 750 MeV/u.

in-beam studies using the recoil-separator technique [23] and as such, were not sensitive
to decays from isomeric states in the 100ns to few μs regime.)

In addition to the Tc isotopes, figure 4 shows delayed gamma-ray spectra associated
with decays from isomeric states in the niobium isotopes 82,84Nb. The isomer in 84Nb
has previously been reported [3,24]; its observation in the current work highlights the
excellent low-energy efficiency response of the Stopped RISING array using the DGF
timing electronics [18,19]. The transitions associated with the N=Z=41 nucleus 82Nb are
reported for the first time following this experiment. (Extended details of the analysis
on this isotope can be found in reference [25].) We note that our previous work on
this nucleus reported evidence for an isomer with a half-life in the hundred nanoseconds
regime but could not confirm any discrete lines [3]. As in the case of 86Tc, 82Nb is the
most neutron-deficient particle-bound isotope of this element [20] and is therefore located
right at the proton drip line. The similarity of the transition energies at 418 and 638 keV
to those decaying from the first two excited states reported in the Tz = +1 isobar, 82

40Zr
at 407 keV and 634 keV [26], strongly suggest that the transitions observed in 82Nb are
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Figure 4. Gamma-ray and DGF time spectra associated with decays from isomeric states
populated following the projectile fragmentation of 107Ag at an energy of 750 MeV/u.
(Left) Singles and γ − γ coincidence spectra associated with the microsecond isomeric
decay in 86Tc as observed in the current work. (Right) Singles spectra showing the
gamma-ray transitions and associated decay curves for isomeric decays in 87,88Tc and
82,84Nb as observed in the current work. See text for details.

decays from states built on the T=1, Iπ=0+ ground-state structure [21,22] in 82Nb.
Figure 5 shows the excitation energies of the first Iπ = 2+, T=1 states in N=Z nuclei

between 58
29Cu and 88

44Ru. The data points associated with 82
41Nb and 86

43Tc as observed in
the current work appear to fit the systematics of these energies. The low-energy nature
of the Iπ = 2+ excitation energy associated with the newly observed 418 keV transition
in 82Nb suggests a large deformation for this nucleus [28].

4. Other Stopped Beam RISING Experiments and Future Prospects

In addition to the preliminary analysis presented in the current paper, RISING iso-
mer studies have also been performed using 58Ni, 136Xe, 208Pb and 238U primary beams.
Highlights from these experiments include the identification of core breaking isomers in
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the 54Fe/54Ni mirror pair [29] plus new shell model isomers corresponding to proton hole
excitations in the 132Sn [30] and 208Pb [31] doubly magic cores. Future plans include the
use of fission fragments for studies of neutron-rich A≈110→130 nuclei following produc-
tion via projectile fission reactions and the implementation of a segmented silicon active
stopper for β-delayed spectroscopy. Initial experiments to measure β-decay half-lives have
provided promising results for this future stage of the project [42].
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Relativistic energy projectile fragmentation of 208Pb has been used to produce neutron-
rich nuclei with N≈126. The nuclei of interest were studied by detecting delayed gamma
rays following the decay of isomeric states. Experimental information on the excited states
of the neutron-rich 204Pt N=126 nucleus, following internal decay of two isomeric states,
was obtained for the first time. Raw experiemtnal data and shell-model calculations are
presented.

1. INTRODUCTION

First results from a new initiative of experiments focusing on the study of the internal
structure of nuclei at the extremes of N/Z ratio using isomer spectroscopy are reported.
These experiments represent the first of the Stopped Beam section of the Rare Isotopes

Investigations at GSI (RISING) project. Exotic nuclei were synthesised using relativistic
projectile fragmentation of E/A=500–1000 MeV beams of 58Ni [1], 107Ag [2] and 208Pb.

The present paper presents selected highlights of the experimental results, with the
focus on N=126 systems populated in the fragmentation of the 208Pb projectile. Studies
of semi-magic nuclei are of special importance since they allow direct test of the purity
of the model wave functions. Information on the single-particle energies and two nucleon
residual interactions can be derived from the experimental observables such as energies
of the excited states and transition probabilities.

2. EXPERIMENTAL DETAILS

Heavy nuclear species were populated in relativistic energy projectile fragmentation. A
beryllium target of thickness 2.5 g/cm2 was bombarded with an E/A=1 GeV 208Pb beam
provided by the SIS accelerator at GSI, Darmstadt, Germany. The nuclei of interest were
separated and identified using the FRagment Separator (FRS) [3] operated in standard
achromatic mode. The setup is shown in fig. 1. The identification of the fragments (see
fig. 2) is based on the determined A/q (∼TOF), the energy loss in the ionisation chambers
(≈ Z), and the longitudinal position of the nuclei at the intermediate (S2) and final (S4)
focal planes of the FRS. For more details about the setup used in the present experiment
see ref. [5].

∗This work is supported by EURONS European Commission contract no. 506065, EPRSC(UK), the
Swedish Research Council, the Polish Ministry of Science and Higher Education, under grants 1-P03B-
030-30 & 620E-77SPBGSIP-03 DWM1052004-2007, the Bulgarian Science Fund and VUF06/05, the US
Department of Energy. under grants W-31-109-ENG-38 & DE-FG02-91ER40609.
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Figure 1. Schematic view of the experimental setup.

The transmitted nuclei were stopped in a cacther surrounded by the high-efficiency,
high granularity Stopped RISING γ-ray spectrometer [4]. Time-correlated gamma de-
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Figure 3. Delayed gamma-ray spectra associated with 206Hg and 204Pt. Note that in the
upper panels the shape of the background around ∼300 keV is unphysical, and it is due
to used data analysis method.

cays from individually identified nuclear species have been measured, allowing the clean
identification of isomeric decays.

3. RESULTS AND DISCUSSION

Information on the neutron-rich N=126 nuclei is scarce. The lack of information is due
to the difficulties in populating these nuclei. Below the doubly magic 208Pb nucleus there
is experimental information on only three isotones: 207Tl, 206Hg and 205Au. While in both
207Tl [6] and 206Hg [7] excited states have been observed, in 205Au only the ground state
is known (Iπ=(3/2+) [8]).

204Pt has four protons less than the doubly magic 208Pb nucleus. Its yrast structure
should be dominated by the proton-hole orbitals πd3/2, πs1/2, πh11/2 and possible πd5/2.
Its level scheme is expected to be similar to that of 206Hg.

Gamma-ray spectra associated with 204Pt and 206Hg are presented in fig.3. In 204Pt
two new isomeric decays have been observed, with a longer lifetime associated to the
872 keV and 1123 keV transitions, and a shorter to the 1061 keV, 1158 keV and 96 keV
gamma-lines.
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Shell-model calculations are being performed using the OXBASH code [9]. The em-
pirical interaction matrix elements are from [10] and are based on those of Kuo and
Herling [11]. The experimental proton-hole energies were taken from the experimental
level scheme of 207Tl. The results of the calculations for 206Hg and 204Pt are presented in
fig. 4. There is a rather good agreement between theory and experiment for 206Hg (note
that the interaction matrix elements were obtained by fitting on a range of nuclei, includ-
ing the 2+ and 5− states of 206Hg [10]). In 204Pt, these calculations predict a 4+ state
at rather low energy, below both the 5− and 7− states, with a dominant configuration
of πd−1

5/2d
−1
3/2. The existence of a 4+ state below the 5− and 7− states is in contradiction

with the experimental findings: none of these states would be isomeric with microseconds
lifetime. Since in the configuration of the 4+ state a d5/2 proton-hole is involved, further
calculations were performed for nuclei where such states are known experimentally. The
comparison between the OXBASH calculation and experiment for 203Au are shown in
figure 5. Here spectroscopic factor measurements [12] indicate that the second 5/2+ state
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Figure 5. Comparison between experiments [12] and shell model calculation for 203Au.

has the largest πd−1
5/2 component. The calculations foresee this state at much lower energy.

This might indicate that states involving the πd−1
5/2 proton-hole lie at considerably higher

energies that the present calculations predict. The interpretation of the experimental
results for 204Pt is in progress.
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The first results from a series of experiments focused on the study of
the internal structure of nuclei at the extremes of N :Z ratio using isomer
spectroscopy are reported. These experiments represent the first of the
Stopped Beam section of the Rare Isotopes Investigations at GSI (RIS-
ING) project. Exotic nuclei were synthesized using relativistic projectile
fragmentation of ∼ 500 → 1000 MeV/u beams of 107Ag, 208Pb, 136Xe and
58Ni, or fission of 750 MeV/u 238U provided by the SIS synchrotron at
GSI. A detailed description of the RISING stopped beam set up is given,
together with a report of the performance of the associated gamma-ray
spectrometer array. Selected results of the first experimental campaign are
presented together with a discussion on the use of isomeric spectroscopy to
study GeV range nuclear fragmentation. Details on future research plans
of this collaboration are also outlined.

PACS numbers: 21.10.Tg, 23.20.–g, 25.70.Mn, 29.30.Kv

1. Introduction

The aim of the RISING (Rare ISotope INvestigations at GSI) collabo-
ration is to use GeV range beams from the GSI/SIS synchrotron to study
exotic nuclei produced through fragmentation. This production technique,
coupled to a powerful germanium array from the decommissioned Euroball
IV setup, plus the use of the FRS fragment separator for the selection and
identification of the produced ions makes a powerful tool for the study of
such nuclei. To date, two types of experiments have been conducted, the
first campaign used the RISING fast beam setup [1] aimed at two-step frag-
mentation and/or relativistic Coulomb excitation studies. A review of these
experiments can be found in [2]. The two other RISING setups used “stopped
beam”, either for isomer delayed γ-ray spectroscopy, which is the subject of
this paper or for g-factor measurements [3]. The RISING setup moved to
the Stopped Beam isomer spectroscopy configuration for the first time in
February 2006. In this configuration the 105 germanium crystals of the
RISING array (Fig. 1) are placed in a compact configuration around the
final focal point of the FRS where they surround a passive stopper made of
either perpex, copper or beryllium [4, 5]. Gamma-ray transitions depopu-
lating isomeric states can then be observed using the fragmentation isomer
spectroscopy technique as outlined in references [6–10]. Two experimental
campaigns have been performed to date, aimed at studying specific physics
including (i) evolution of shell closures around doubly magic nuclei and (ii)

N = Z symmetries. The current paper presents a description of the techni-
cal aspects of this setup as well as examples of the experimental performance
of the γ-ray array. The use of microsecond isomer spectroscopy as a general
tool to study the nuclear fragmentation process is also discussed.
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Fig. 1. Photograph of the RISING Stopped Beam γ-ray spectrometer.

2. Technical details

2.1. Production and identification of the exotic nuclei

Exotic secondary beams were produced using the projectile fragmenta-
tion of high-energy primary beams from the SIS synchrotron at GSI, incident
on 1 → 4 g/cm2 thick 9Be production targets. The FRagment Separator
(FRS) [11] was used in achromatic mode for the selection and identifica-
tion of the reaction products using a standard time of flight and energy loss
techniques [12]. Particle identification was achieved by the use of position-
sensitive plastic scintillators at the middle and final focal points of the FRS
to define the magnetic rigidities and velocities of the secondary ions. MUlti
Sampling Ionization Chambers (MUSIC) before the final focus of the FRS
provided energy loss signals from which the electric charge of the incoming
ion could be deduced. Further details of the particle identification procedure
can be found in [10]. An example from the RISING stopped beam experi-
ment with 107Ag primary beam is shown in Fig. 2. It should be noted that
the achromatic degrader at the central focal point of the FRS was also used
as a passive energy-loss device for charge state separation. The difference in
magnetic rigidity between the first and second stage of the fragment separa-
tor can be used to estimate the energy loss of the ion through the achromatic
degrader. This information together with the energy loss of the ions as mea-
sured at the final focal point using MUSIC detectors allows a unambiguous
charge state discrimination. This technique is of particular interest in case
of heavy, neutron-rich nuclei (see reference [13] for more details). As noted
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in reference [14], for high-Z nuclei this method of charge state selection can
only be achieved for high-Z nuclei with energies greater than 300 MeV per
nucleon. Thus the RISING setup at GSI is ideal for spectroscopic studies in
such heavy, neutron-rich systems produced following relativistic projectile
fragmentation reactions.
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Fig. 2. Typical identification plot from the 107Ag primary beam experiment. This

setting was centered on the transmission of fully stripped 90
45Rh ions.

2.2. The stopped RISING germanium array, geometry and electronics

In its Stopped Beam configuration the RISING array comprises fifteen,
seven-element germanium cluster detectors [15] from the former Euroball IV
array. The detectors were placed in three angular rings of five detectors at
51◦, 90◦ and 129◦ to the primary beam axis at an average distance from
the centre of the array of approximately 22 cm. Each individual germanium
detector had two parallel pre-amplifier outputs which were sent to two sep-
arate branches of the data acquisition. One was a fully ‘digital’ branch and
provided the input signal for 105 channels within 30 Digital Gamma Finder
(DGF-4C) modules [16]. Three parallel CAMAC crates, each holding ten,
quad-input modules were used for this part of the electronics. The individual
DGF channel triggers were validated by a master trigger signal generated
from a fast plastic scintillator detector at the final FRS focal point. This
signal was sent to a DGF channel in each crate in order to provide an in-
ternal check of the synchronization of the DGF clocks and also to provide
a time-difference measurement between the arrival of an ion in the plastic
scintillator and the measurement of a delayed γ ray via the DGF γ-time sig-
nal. The clock frequency of the DGF modules was 40 MHz, corresponding
to a 25 ns time step. The maximum coincidence gate that could be achieved
using the DGF modules was 400 µs.
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The second output from the germanium preamplifier was sent to an ana-
logue timing branch composed of a standard TFA-CFD-TDC timing circuit.
The output of the CFD was sent to two separate TDC modules, one ‘short-
range’ (1 µs full range with a 0.31 ns/channel step) and the other ‘long
range’ (up to 800 µs with a 0.73 ns/channel step). The analogue branch
allows a precise definition of shorter-lived (∼ 10 ns) isomers.

2.3. Array performance: Efficiency and addback

The array performance was measured using radioactive sources both be-
fore and following the experimental beam time. The experimental condi-
tions were found to produce an energy resolution of less than 3 keV at
1.3 MeV. The photopeak γ-ray efficiency was measured with several low
intensity sources. To avoid dead time problems a pulser was used to emu-
late the plastic scintillator (which was used as the actual trigger during the
experiments). Since the interval between the trigger pulses is longer than
the acquisition dead time, the calibration is effectively dead time free. The
efficiency is then, for each crystal, the number of γ rays observed divided
by the number emitted during the live time of the acquisition. The former
value is the number of triggers multiplied by the width of the time gates of
the electronics.
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Fig. 3. Efficiency of the RISING array in its Stopped Beam configuration. Left:

Comparison of sum (open squares), addback (full squares) and analog timing

(triangles). Right: Efficiency for different stopper and positions. (Full circles)
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on the left, (full squares) 12 mm perpex stopper, (triangles) 6 mm copper stopper.

Fig. 3 shows an efficiency curve for a mixture of standard γ-ray sources
placed in the middle of the Stopped Beam RISING array. During the ex-
periments several stoppers were used depending the ultimate physics aim.
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The attenuation of gamma rays following implantation in a given stopper
depends on the stopper composition and on position and depth of the ion im-
plantation. Fig. 3 shows the variation of the photopeak efficiency for several
stoppers and as a function of the position of the γ-ray source. A GEANT4
simulation of the array is ongoing [17]. The preliminary results of this sim-
ulation reproduce our experimental data shown here. An “inter cluster” ad-
dback routine (i.e., inclusion of Compton events scattered between crystals
in neighbouring cluster detectors) is also being developed to increase fur-
ther the absolute efficiency for low multiplicity events [18]. The full squares
in Fig. 3 represent the efficiency with a Cluster Compton ‘addback’ rou-
tine allowing γ-ray multiplicities upto 4 per cluster such that the events are
registered within 400 ns of each other. The triangle symbols represent the
efficiency when requiring information in the timing (i.e., TDC) branch of
the acquisition. The difference in low energy efficiency arises due to the
different discriminator types and settings, the leading edge type of the DGF
having a sharper cutoff than the CFD of the analog timing branch. Note
that the high efficiency below 100 keV arises from the absence of absorbers
in front of the germanium cluster detectors.
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Fig. 4. Left: Time difference between hits in the addback versus summed γ-ray

energy in the cluster detectors. Right: Time width of the prompt flash (see text

for details).

Fig. 4 shows a two dimensional matrix of γ-ray summed energy versus
time difference between γ-ray events used in that addback event. One can
observe a significant increase in counts in that matrix for time difference less
than 400 ns. The time width profile (i.e., wider at lower energies) arises due
to the fact that low energy γ rays typically interact in the outer most part
of the crystal giving rise to the well known ‘time walk’ effect.
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2.4. Experimental performance of the stopped beam array

Stopping ions with energies of several GeV in view of a high-efficiency
γ-ray spectrometer such as RISING can be problematic due to the atomic
radiation produced, the so-called ‘prompt flash’ [19]. This can cause multi-
ple germanium detectors to fire with the prompt arrival of the ion and thus
significantly reduces the effective efficiency for the measurement of delayed
isomeric decays in the same event. This was a major concern in the previous
fragmentation isomer campaign at GSI (see Ref. [8]) causing losses of up to
80% of the effective γ-ray efficiency. The high granularity of the 105 element
RISING array is intended to overcome this problem. It was found that the
flash multiplicity (i.e. number of crystal that fire during the ion implanta-
tion) depends on the energy of the implanted ion in the stopper [20]. A more
systematic study, taking into account the stopper material and implantation
position and depth is underway. Typical mean flash multiplicities range be-
tween 5 out of the total 105 individual detectors for the lighter ions (such
as those in the 90Rh setting) to 15 for the heavy nuclei (e.g., 204Pt). In the
determination of the minimum isomeric lifetime that can be measured, the
time width of this prompt flash component is of significance. Fig. 4 shows
a typical prompt flash time profile. The dotted grey line is the time profile
of the flash in the absence of any further software selection, while the full
line represents events of multiplicity lower than 4 in any cluster and valid
γ-ray energy in the DGF. The full grey line is with the proper energy in the
DGF condition only. The width of the prompt flash is typically ∼ 30 ns.
The triple peak structure apparent here has been observed in the RISING
fast beam campaigns [21] and is believed to be caused by fast,light particles
produced either in the stopper or in the final focal plane degrader.

The typical flight time in the FRS being a few 100 ns and the maximum
gate achievable with the DGF being of 400 µs, the setup is highly sensitive to
γ-ray decays from isomers with lifetimes in the range 100 ns → 1 ms. Decays
with large internal conversion coefficients are hindered in their decays in
flight since they are typically fully stripped of electronic electrons. In such
cases, the width of the prompt flash can become a limiting factor for the
observation of short-lived (∼10 ns) isomers such as reported in reference [9].

3. Initial nuclear structure and reaction mechanism studies

Two RISING Stopped Beam experimental campaign have been performed
to date. The first campaign begun with an experiment using a 107Ag beam
with the aim of producing nuclei on and around the N = Z line [5]. Odd–
odd N = Z nucleus are of particular interest since they allow the mapping
of the T = 1 and T = 0 components of the nucleon–nucleon interaction.
The experiment showed evidence for isomeric decays in the N = Z nuclei
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82
41Nb and 86

43Tc, the results of which are presented elsewhere in these pro-
ceedings [22, 23]. In the next experiment a 208Pb 1 GeV/A beam was used
to produce nuclei along and ‘west’ of the N = 126 shell closure. The initial
results from this study experiments are presented in [13] and [24,25]. Finally
in the first phase of experiments, a beam of 58Ni was used to produce 54

28Ni
and 54

26Fe to study mirror symmetries in those two T = 1 mirror nuclei, the
initial results of this work can be found in [26].
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During July 2007 a second Stopped RISING experimental campaign took
place with the same setup, with the specific aim of studying nuclei in and
close the N = 82 shell closure. The exotic nuclei were produced using
by through fragmentation of an 136Xe beam and following the relativistic
projectile fission of an 238U beam. The data analysis for both of these
experiments is currently in progress [27].

Part of the beam time was used to pursue nuclear reaction studies with
the aim of using isomeric states as a probe to test how much spin is involved
in a fragmentation reaction (as in reference [28]). Indeed, for a given iso-
mer an estimate can be made of the isomeric ratio i.e., the proportion of
times a given nucleus populates this isomer compared to the total number
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of times the nucleus is created in the reaction. These type of studies are
of particular interest for high-spin isomers such as those in 148Tb or 147Gd
that were produced in the Stopped RISING experiment using the 208Pb pri-
mary beam [25]. In such reaction studies having access of several types of
observables in the same experiment allows a stringent test on the modelling
of the physical reaction population and decay processes [29]. To this end,
part of the 107Ag primary beam time was used to perform Bρ scanning over
a wide region of proton-rich nuclei in order to make measurements of nuclear
production cross section and isomeric ratios (see Fig. 5). The modelling of
the spin input in nuclear projectile fragmentation reactions follows the same
formalism to that of the transfered linear momentum. Experimental access
to the former is available through the position in the central focal point of
the FRS. Thus it should be possible to make angular momentum population
studies with respect to the transfered momentum for a wide range of final
products using the 107Ag. This analysis is currently in progress.

4. Summary and conclusions

Technical details of the RISING Stopped Beam setup have been pre-
sented together with an overview of the experiments carried out to date
with this device. The setup will be upgraded with the addition of an active
stopper which will allow the detection of the β decays from the implanted
ions. This will allow β delayed γ-spectroscopy to be performed for heavy,
exotic nuclei using a technique similar to that outlined in reference [30].
A proof of principle of this correlation can be found in [31].

This work is sponsored by the EPSRC (UK), the Swedish Research Coun-
cil, the Polish Ministry of Science and Higher Education (grants 1-P03B-030-
30 and 620/E-77/SPB/GSI/P-03/DWM105/2004-2007), the Spanish (Min-
istry of Education and Science (Minesterio de Education y Ciencias) under
project number FPA2005-00696, the Bulgarian Science Fund VUF06/05,
The US Department of Energy (grants DE-FG02-91ER-40609, W-31-109-
ENG-38 and DE-AC02-06CH11357), the German Federal Ministry of Edu-
cation and Research under grant 06KY205I and EURONS (European Com-
mission contract number 506065). A.B.G. would also like to acknowledge
financial support from the Nexia Solutions Ltd.



1264 S. Pietri et al.

REFERENCES

[1] H.J. Wollersheim et al., Nucl. Instrum. Methods Phys. Res. A537, 637 (2005).

[2] M. Górska et al., Acta Phys. Pol. B 38, 1219 (2007) these proceedings.

[3] G. Neyens et al., Acta Phys. Pol. B 38, 1237 (2007) these proceedings.

[4] S. Pietri et al., Proc. of the 19th International Conference on the Application
of Accelerators in Research and Industry, CAARI’06 Fort Worth, USA (2006),
to be published in Nucl. Instrum. Methods Phys. Res. B.

[5] P.H. Regan et al., Proc. of the IXth International Conference on Nucleus–
Nucleus Collisions, Rio De Janeiro (2006), to be published in Nucl. Phys. A.

[6] R. Grzywacz et al., Phys. Rev. C55, 1126 (1997).

[7] C. Chandler et al., Phys. Rev. C61, 044309 (2000).

[8] Zs. Podolyák et al., Nucl. Phys. A722, 273c (2003).

[9] M. Caamano et al., Eur. Phys. J. A23, 201 (2005).

[10] Zs. Podolyák et al., Phys. Lett. B633, 203 (2006).

[11] H. Geissel et al., Nucl. Instrum. Methods Phys. Res. B70, 286 (1992).

[12] B. Voos et al., Nucl. Instrum. Methods Phys. Res. A364, 150 (1995).

[13] S. Steer et al., Acta Phys. Pol. B 38, 1283 (2007), these proceedings.

[14] L. Audouin et al., Nucl. Instrum. Methods Phys. Res. A548, 517 (2005).

[15] M. Wilhelm et al., Nucl. Instrum. Methods Phys. Res. A381, 462 (1996).

[16] http://www.xia.com/DGF-4C_Download.html

[17] P. Doornenbal, private communication.

[18] A. Garnsworthy, private communication.

[19] P. Detistov et al., Acta Phys. Pol. B 38, 1287 (2007), these proceedings.

[20] S. Pietri et al., Proc. of the RNB7 Conference, Eur. Phys. J. A, in press.

[21] P. Bednarczyk et al., private communication.

[22] L. Caceres et al., Acta Phys. Pol. B 38, 1271 (2007), these proceedings.

[23] A. Garnsworthy et al., Acta Phys. Pol. B 38, 1265 (2007), these proceedings.

[24] Zs. Podolyak et al., Proc. of the IXth International Conference on Nucleus–
Nucleus Collisions, Rio De Janeiro (2006), to be published in A.

[25] Zs. Podolyák et al., Proc. of the RNB7 Conference, to be published in Eur.
Phys. J. A.

[26] D. Rudolph et al., Proc. of the RNB7 Conference, to be published in Eur.
Phys. J. A.

[27] M. Górska, A. Jungclaus, M. Pfützner et al., private communication.

[28] M.Pützner et al., Phys. Rev. C65, 064604 (2002).

[29] S. Pietri et al., AIP Conf. Proc. 831, 535 (2005); E. Le Gentil et al., Nucl.
Instrum. Methods Phys. Res. A562, 743 (2006).

[30] S. Grevy et al., Nucl. Phys. A746, 145c (2004).

[31] T. Kurtukian-Nieto et al., AIP Conf. Proc. 80, 73 (2005).

[32] O. Hausser et al., Hyperfine Interact. 4, 196 (1978).



Vol. 38 (2007) ACTA PHYSICA POLONICA B No 4

ISOMERIC STATES IN THE LIGHT Tc ISOTOPES
∗

A.B. Garnsworthya,b, P.H. Regana, S. Pietria, D. Rudolphc

L. Cáceresd,e, M. Górskad, Zs. Podolyáka, S.J. Steera

A. Heinzb, F. Beckerd, P. Bednarczykd,g, P. Doornenbald

H. Geisseld, J. Gerld, H. Grawed, J. Gręboszg,d, A. Kelicd

I. Kojouharovd, N. Kurzd, F. Montesd, W. Prokopwiczd

T. Saitod, H. Schaffnerd, S. Tachenovd, E. Werner-Malentod,f

H.J. Wollersheimd, G. Benzonih, B. Blanki, C. Brandaua

A.M. Brucej, F. Camerah, W.N. Catforda, I.J. Cullena

Zs. Dombrádik, E. Estevezl, W. Gelletlya, R. Hoischenc

G. Iliem,n, J. Joliem, G.A. Jonesa, A. Jungclause, M. Kmiecikg

F.G. Kondevo, T. Kurtukian-Nietol, S. Lalkovskip, Z. Liua

A. Majg, S. Myalskig, M. Pfütznerf , T. Shizumaa,r, A.J. Simonsa

S. Schwertels, P.M. Walkera, O. Wielandh

aDepartment of Physics, University of Surrey, Guildford, GU2 7XH, UK
bWNSL, Yale University, 272 Whitney Avenue, New Haven, CT, 06520, USA

cDepartment of Physics, Lund University, 22100 Lund, Sweden
dGSI, Planckstrasse 1, 64291 Darmstadt, Germany

eDepartmento di Teórica, Universidad Autonoma de Madrid, Madrid, Spain
fIEP, Warsaw University, Hoża 69, 00-681 Warszawa, Poland

gThe Institute of Nuclear Physics, 31-342 Kraków, Poland
hUniversitá degli Studi di Milano and INFN Milano, 20133 Milano, Italy

iCENBG, le Haut Vigneau, 33175 Gradignan Cedex, France
jSchool of Engineering, University of Brighton, Brighton, BN2 4GJ, UK

kInstitute for Nuclear Research, 4001 Debrecen, Hungary
lUniversidad de Santiago de Compostela, Santiago de Campostela, Spain

mIKP, Universität zu Köln, 50937 Köln, Germany
nNational Institute of Physics and Nuclear Engineering, Bucharest, Romania
oNuclear Engineering Division, Argonne National Laboratory, IL-60439, USA
pFaculty of Physics, University of Sofia “St. Kliment Ohridsk” Sofia, Bulgaria

rJapan Atomic Energy Research Institute, Kyoto, 619-0215, Japan
sPhysik Department E12, Technische Universität München, Garching, Germany

(Received November 1, 2006)

∗ Presented at the Zakopane Conference on Nuclear Physics, September 4–10, 2006,
Zakopane, Poland.

(1265)



1266 A.B. Garnsworthy et al.

Preliminary results from the first experiment of the Stopped Beam
RISING campaign are presented. The relativistic projectile fragmentation
of a 750 MeV/u beam of 107Ag populated isomeric states in very neutron
deficient nuclei at the proton dripline around mass 80–90. Nuclei were
unambiguously identified using the FRagment Separator (FRS) and its an-
cillary detectors located at GSI. The ions produced were slowed down from
relativistic energies by means of an Al degrader and implanted in the centre
of the high-efficiency Stopped RISING array. This allowed the identifica-
tion of new excited states in the N = Z = 43 nucleus, 86Tc, populated
following the de-excitation of a microsecond isomer. Preliminary results of
this analysis, as well as previously unobserved isomeric states in 87,88Tc,
are reported.

PACS numbers: 29.30.Kv, 23.20.Lv

1. Introduction

The Rare ISotope INversigation at GSI (RISING) project utilises rela-
tivistic projectile fragmentation reactions to investigate the nuclear structure
properties of highly exotic nuclei. Primary beams of energies ranging be-
tween 500 and 1000 MeV per nucleon are provided by the SIS-18 synchrotron
and following fragmentation (or fission) the reaction products are separated
and identified by the FRagment Separator (FRS) [1]. The FRS has a range
of ancillary detectors used in the unambiguous identification of each ion on
an event-by-event basis. The detector set-up at the focus of the FRS incor-
porates fifteen Germanium Cluster detectors, each with seven large volume
crystals, in various configurations designed to meet the requirements of in-
vestigating the physics involved in each experiment [2,3]. Experiments have
recently been performed as part of the collaboration’s ‘Stopped Beam’ cam-
paign. Here the ions are slowed down by a variable thickness aluminium
degrader and brought to rest in the centre of the RISING Germanium ar-
ray, arranged in a high efficiency configuration, to observe γ rays emitted in
the decay of nano-to-millisecond isomeric states in exotic nuclei. Details of
the earlier ‘Fast-Beam’ campaign which identified radiation emitted in the
prompt decay of highly exotic nuclei can be found in ref [4]. Results from
the first experiment of the ‘Stopped Beam’ campaign are presented here and
further details can be found in [2, 3, 5].

2. Experimental details and results

A beam of 107Ag was accelerated to 750 MeV/u by the SIS-18 Syn-
chrotron and impinged on a 4 g/cm2 Be target. The spill structure of the
beam was 1→3×109 ions over 5→6 secs in a total cycle time of 10 secs. The
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reaction products were transported to the focal plane of the FRS and iden-
tified by A/q and Z using measurements of magnetic rigidity, time-of-flight,
position and energy loss. Details of the particle identification can be found
in [2, 3]. The ions were brought to rest in a perspex block of 7 mm thick-
ness at the centre of the Stopped RISING array after being slowed down
in a 2 g/cm2 Al degrader. Gamma rays emitted from isomeric states were
detected in the array and correlated with the arrival of the associated ion.

This experiment confirmed the isomer in 86Tc, previously reported by
Chandler et al. [6] and enabled the identification of previously unreported
decays in 87,88Tc. Figure 1 shows projections of Z for nuclei of Tz = 0,
1

2
and 1 for which delayed γ rays were detected in various timing regimes.

The uppermost panel shows the Z projection with no additional timing
condition. The central panel is gated on γ rays observed between 0.5 and
5 µs after implantation to identify isomers with µs half-lives, and the lower
panel shows nuclei gated between 150 and 500 ns to indicate short-lived
isomers. Evidence for isomeric states in 86,87,88Tc can be seen in these plots
as well as the previously reported isomer in 84Nb [6]. Details of the short-
lived isomeric state in the Tz = 0 nucleus, 82Nb can be found in [5].
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Figure 2 shows the delayed γ singles data collected for ions identified as
86Tc. In this experiment we identify for the first time γ decay from isomeric
states in these nuclei. Figure 2 also shows the delayed singles spectra for
ions identified as 87Tc and 88Tc respectively. Previous work on the 87,88Tc
isotopes identified prompt transitions [7] but were not sensitive to the decay
of isomeric states of the nano-to few microsecond range.
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Information on the first excited states in the N = Z = 41 nucleus 82Nb
sheds light on the competition of isospin T = 0 and T = 1 states in the
A ∼ 80 region. The measurement was performed at the GSI laboratory
using fragmentation of a 107Ag primary beam at 750 MeV/u on a 4 g/cm2

9Be target. The fragments were separated and identified unambiguously
in the FRagment Separator. Three excited states were observed and the
half-life estimate for the isomeric state was extracted. A tentative spin
assignment based on the isobaric analogue states systematics in the T

z
= 1

nucleus 82Zr, and transition probabilities indicate T = 1 character of the
first two excited states, and T = 0 for the isomeric state.

PACS numbers: 29.30.Kv, 23.20.Lv

1. Introduction

The low lying excited states in N = Z nuclei at A ∼ 80 have attracted
many recent experimental studies. Most of them aim in the investigation of
the competition between isospin T = 0 and T = 1 configuration expected in
odd–odd N = Z isotopes from A = 76 to A = 96 (see e.g. [1] for a recent
review). Investigations of 62

31Ga [2], 66
33As [3] and 74

37Rb [4] have identified the
ground state configuration with Iπ = 0+, T = 1 is crossed at low excitation
energy by a higher spin, T = 0 configuration. The small density of the
Nilsson single-particle levels in this region of nuclei leads to an abrupt change
in the deformation by adding a few nucleons, or with the excitation energy
as observed in e.g.

66As [3], 70Br [5], 78Sr [6] and 82Zr [6, 7]. Therefore,
studies of excited states in heavier N = Z isotopes will shed light on the
isospin inversion and the shape evolution toward the doubly magic 100Sn.

2. Experimental details, data analysis and results

The experiment performed at Gesellschaft für Schwerionenforschung
(GSI) was part of the Stopped Beam Campaign using the Rare ISotope
INvestigation at GSI (RISING) setup [8]. A primary beam of 107Ag at
750 AMeV impinged on a 4007 mg/cm2 9Be target. The projectile frag-
ments were separated using the GSI FRagment Separator (FRS) [9] and
identified unambiguously in terms of A and Z [10]. The Bρ − ∆E − Bρ
method, used for the particle separation and identification, employed a vari-
able wedge degrader in the middle focal place of the FRS.

At the final focal plane the ions passed through a second variable thick-
ness degrader which slowed them down appropriately for further implanta-
tion in a perspex layer of 7 mm thickness.

γ rays were detected by the RISING Ge array consisting of 15 Euroball
cluster detectors [11] placed around the stopper. Only delayed γ rays emitted
after stopping of the ions were measured. The γ rays time and energy signals
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were processed by XIA DGF4 [12] digital electronics (25 ns/ch). Additional
analog electronic timing branches were used for short (≤ 0.8µs) and long
(≤ 100µs) isomeric decay correlation times. Further experimental details
can be found in Ref. [8].

The identification of 82Nb ions was achieved on two-dimensional spectra
analysis of atomic number Z versus A/q ratio. Complementary information
was obtained from the position and energy loss of the fragments in the second
focal plane of the FRS. For the selected isotope of interest, the delayed
γ radiation from the de-excitation of an isomeric state was correlated in
matrices of γ-ray energy versus time. The analysis was performed with the
CRACOW software [13]. A time window of 25-1800 ns and 12-350 ns with
respect to the ion implantation was applied to the DGF4 and short range
TDCs, respectively. Three delayed transitions at energies of 123, 418 and
638 keV were associated to the isomer decay in 82Nb. The effective energy
threshold of the DGF4 electronic branch was lower (Fig. 1).

Fig. 1. Gamma ray energy spectrum of 82Nb correlated with the DGF4 (DGF,

upper panel) and short range (SR, lower panel) time branches.

The preliminary value of the isomeric half-life in 82Nb was extracted
by a fit of a single exponent to the summed time distributions of the 418
and 638 keV γ transitions away from the prompt response. The fit yield-
ing values of 80(50) ns and 75(40) ns for the DGF4 and short range time
branches, respectively, used the Maximum Likelihood method for the error
bar treatment (Fig. 2).
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Fig. 2. Left: Isomeric decay curve fit for the DGF4 time branch. Right: Level

scheme of 82Nb deduced from this work.

3. Discussion

The ground state spin of 82Nb was deduced a priori from the observation
of super-allowed Fermi decay and assigned to be Iπ = 0+ and T = 1 [14].
The existence of short-lived isomeric state in this region of the chart of nuclei
was indicated in Ref. [15]. As the ordering of transitions in the level scheme
could not be deduced from the present experiment, the systematics was used
for this purpose. The average 2+

→ 0+ and 4+
→ 2+ transition energy dif-

ferences between N = Z isotopes and their isobaric Tz = 1 analogue states
amount to 20 keV and 44 keV, respectively, (86Tc [16], 86Mo [17]), (74Rb [4],
74Kr [6]), (70Br [5], 70Se [18]). Based on the comparison to the known transi-
tions in 82Zr the 418 keV and 638 keV were assigned to the (2+) → 0+ decay
and (4+) → (2+) decay respectively. The spin of the isomeric state was ten-
tatively deduced from the transition probability analysis to Iπ = (4−, 5−).
The low statistics did not allow for an unambiguous determination of the
conversion coefficient for the 123 keV transition. This assignment implies an
isospin change between the isomeric state and the (4+) state. An E1 is the
most likely assignment from both lifetime and intensity considerations, but
at this stage of the analysis an M1 or mixed M1/E2 can not be ruled out
completely for the 123 keV transition. Details of the interpretation will be
given in a forthcoming paper.
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We report on the preliminary results from a study of the decay of the
Iπ = 8+ T 1

2

= 2µs isomer in 96Pd performed as part of the Stopped-Beam

RISING campaign within the Rare Isotope Investigation at GSI (RISING).
The 96Pd ions were produced following the projectile fragmentation of
a 750 MeV per nucleon 107Ag primary beam. The reaction products were
separated and identified by the in-flight method using the GSI Fragment
Separator. The residues of interest were stopped in a perspex stopper sur-
rounded by an array of 15, seven-element germanium Cluster detectors.
One of the goals of the current work is to investigate the population of
high-spin states produced projectile fragmentation reactions using isomeric
ratio measurements to infer information on the angular momentum pop-
ulation distribution. In this short contribution the method and results of
determining the isomeric ratio for the Iπ = 8+ microsecond isomer in 96Pd
nucleus are presented.

PACS numbers: 23.20.Lv, 29.30.Kv

1. Introduction and experimental details

The production of exotic nuclei following projectile fragmentation re-
actions has opened up the possibility for isomer-delayed spectroscopy with
beams at both intermediate (e.g., [1–6]) and relativistic (e.g., [7–12]) en-
ergies. One area of specific interest for future studies involves the angular
momentum population in such reactions which can be investigated by mea-
surements of the isomeric ratio of specific spin/parity states. Studies com-
pared with the ‘sharp cut off model’ for heavy nuclei following the relativistic
fragmentation of 208Pb and 238U beams [7, 11] have highlighted significant
isomeric ratios associated with medium-to-high spin near-yrast states. In the
current work, we investigate a similar population mechanism, but specifically
for proton-rich nuclei. The determination of the final isomeric ratio requires
corrections to account for effects such as the finite in-flight-separation time
of the species of interest, relativistic time dilation, internal conversion, de-
cay branching ratios, feeding from higher-lying isomeric states and γ-ray
detection efficiency (see references [9, 11, 14] for details).

This short contribution focusses on the determination of the isomeric
ratio for the proton-rich nucleus 96Pd which decays by a cascade of four
stretched E2 transitions from the Iπ = 8+ isomer [13].

The isomeric state in the exotic nucleus of interest was produced follow-
ing projectile fragmentation reactions between a primary beam of 107Ag and
a 4 g/cm2 thick 9Be target. The 107Ag primary beam energy was 750 MeV/u
and was produced in 4 second wide time spills each containing about 1.6×107

ions. The different species were identified and separated through the FRS
separator as described in Refs. [11, 14, 16]. At the final focus of the FRS
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was the RISING γ-ray array [14–16] which detects the γ-rays depopulat-
ing the states of interest. Further experimental details can be found in
Refs. [14, 17, 18].

2. Data analysis and determination of the isomeric ratio

The analysis was performed with the CRACOW software [19]. From the
experimental FRS observables, namely the time-of-flight (TOF) between the
intermediate and final focal plane and energy loss at the final focal plane, a
2-dimensional particle identification histogram of A/Q vs Z can be created,
enabling the selection of the nucleus of interest. Figure 1 shows the particle
identification spectrum with the γ-ray energy and time spectra for the decay
of the 8+ isomer in the 96Pd nucleus [13].

Fig. 1. (a) Ungated γ-ray spectrum; (b) Z vs A/Q particle-identfication spectrum

showing region of fully-stripped 96Pd ions; (c) 96Pd ion-gated γ-ray spectrum be-

tween 150 ns and 14.7 µs following implantation in the perspex stopper; (d) Time

decay spectra associated with the 96Pd ions gated on the γ-ray transitions at 325,

684 and 1415 keV.
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The isomeric ratio (R) is defined as the probability that in a reaction a
given nucleus is produced in an given isomeric state [11]:

R =
Y

NimpFG
, (1)

where Nimp is number of implanted heavy ions, Y is the yield, F is a cor-
rection factor for isomer losses and G is correction for finite detection time.
Nimp is measured directly from the number of ions which are detected at
the final focus of the FRS. On the other hand the yield, (Y ) needs to be
calculated from the intensity of γ-rays associated with the isomeric decay
and corrected for in-flight losses, detection efficiency etc. In general, for ions
which do not change charge state in flight,

Y =
Nγ(1 + α)

εeffbγ
, (2)

where Nγ is intensity of gamma line at the specific energy, εeff is detector
efficiency for that energy, α is internal conversion coefficient, and bγ is the
branching ratio. In the case of 96Pd the decay follows only one branch
(the 105, 325, 684 and 1415 keV transitions are all in a mutually coincident,
100% fed cascade [13]). If the ion is fully stripped of atomic electrons and the
isomeric decay has a significant electron conversion branch, the decay can
be significantly hindered and the effective ‘in-flight’ lifetime increased (e.g.
[12]). Therefore we need also to calculate the factor F (in-flight correction
for isomer losses) defined as

F = exp

[
−

(
λq1

TOF1

γ1

+ λq2
TOF2

γ2

)]
, (3)

where TOF1 is flight time through the first part of separator, TOF2 is flight
time through the second part of separator, and accordingly γ1 is the Lorentz
factor in the first part and γ2 corresponds to the second part. λq1 and λq2

are decay constants for the charge states in the first and the second half of
separator. In the current work the ion is fully stripped during whole flight so
λq1 = λq2 = λ0 = λ/(1 + α), with α being the conversion coefficient for the
transition directly depopulating the isomer. For the first part, the flight time
was estimated using the ion-optical code MOCADI [20] to be 149 ns. The
second part can be measured directly comparing the timing signals from the
two scintillators at the intermediate and final focal plane and was determined
to be 177 ns. An internal conversion coefficient of α(E2) = 1.13 was used
in the analysis for the 105 keV transition which directly depopulates the 8+

isomer in 96Pd.
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Another important factor is the correction for finite detection time, (G)
defined as

G = exp(−λtstart) − exp(−λtstop) , (4)

where tstart is time of beginning of detection range, and tstop is time of its
end. For the spectra shown in Fig. 1, the delayed γ-ray detection range
in the long-range TDCs [14] was from 150 ns to 14.7 µs following the ion
implantation in the passive stopper.

To calculate the isomeric ratio, values of the half-life of the isomeric state
must be known, which we measured in the current work to be 2.0(3) µs (see
Fig. 1(d)). This half-life values was obtained by taking the sum of delayed
γ-ray time projections in the long-range TDCs for the three strong lines at
325, 684 and 1415 keV associated with the decay cascade of the Iπ = 8+

isomer in 96Pd [13]. The half-life deduced in the current work is consistent
with the literature values for this isomer of 2.2(3) µs [13] and 1.7(1) µs [4].
Note also that the effective in-flight half-life for the fully-stripped 96Pd ion
in this experiment was calculated to be 4.3(6) µs due to the lack of any
internal conversion decay branch in-flight.

We took into account the loss during the slowing down-implantation
process due to nuclear reaction in the variable degrader mounted before
stopper foil, which in this case corresponds to 10% of the nuclei.

Making these corrections and using the measured efficiency of the RIS-
ING array as discussed in reference [14], the value for the isomeric ratio of
the yrast 8+ state in 96Pd was calculated.

Table I shows the calculated isomeric ratio values obtained using the 105
325, 684 and 1415 keV lines in the current analysis. Taking the weighted
mean of these results, we obtain a value for the isomeric ratio of the Iπ = 8+

isomer in 96Pd of R = 20.5(10)%.

TABLE I

Data for transitions used in analysis.
The number of implanted 96Pd ions was Nimp = 1.63x104.

Energy [keV] Counts εeff α R [%]

105 276 0.17(6) 1.3x100 23.4(40)
325 549 0.19(2) 2.26x10−2 20.0(20)
684 351 0.13(1) 2.54x10−3 18.6(15)
1415 250 0.08(1) 4.82x10−4 20.1(15)

This value of isomeric ratio is of similar scale to the one obtained in
Ref. [3], 39(6)%, although we note the two experiments were carried out in
very different primary energy regimes and with different primary beams.
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Relativistic fragmentation of 208Pb has been used to produce excited
states in neutron-rich nuclei with N ≈ 126. Spectroscopic information
for a range of nuclei has been obtained through observing delayed γ-ray
emissions from isomeric states. Preliminary results for 203,204Pt nuclei are
presented. For the first time, excited states have been observed in 203Pt
and 204Pt. The yrast structure of 204Pt up to spin-parity, Iπ = (10+) has
been tentatively inferred from the internal decay of two isomeric states.

PACS numbers: 21.10.–k, 23.20.–g, 25.70.Mn, 27.80.+w

1. Introduction

The Rare Isotopes Investigations at GSI (RISING) project has begun the
Stopped Beam phase of experiments [1]; reported here are the first results
from one of these measurements. Rare, exotic, neutron-rich nuclei in the
vicinity of N = 126 were produced in the relativistic projectile fragmentation
of a 208Pb beam.

A number of N ≈ 126 nuclei were produced during the fragmentation
process. These present an ideal testing ground for the shell model, because
of the limited number of valence nucleons involved in forming the low lying,
yrast and near yrast excited states in these nuclei. The analysis of such
states permits the extraction of information on the single-particle energies
and residual shell-model interactions in this region.

2. Experimental details and results

The 1 GeV/nucleon 208Pb beam, provided by the SIS-18 accelerator at
GSI, was fragmented on a beryllium target (thickness 2.5 g/cm2). The
FRagment Separator (FRS) [2], operated in standard achromatic mode, was
used to separate and identify the desired nuclei (see Fig 1). Once identified,
nuclei were brought to a halt in a 7 mm plastic stopper. The delayed γ
rays were detected over a 100 µs time range after implantation using the
high efficiency RISING array [1], which, in its Stopped Beam configuration,
surrounded the implantation target.

Delayed γ-ray spectra associated with 202,203,204Pt are shown in Fig. 2.
The observation of the previously identified isomeric state in 202Pt [3] con-
firms the particle identification. Gamma rays belonging to 203Pt and 204Pt
have been seen for the first time in this experiment. The ground state of
203Pt was previously identified in projectile fragmentation at GSI [5], but
the isomer in 203Pt represents the first spectroscopic information on this
N = 125 nucleus. Similarly, this is the first observation of excited states in
204Pt; transitions from two isomeric states have been observed, with three γ
rays (96, 1061, 1158 keV) originating from a shorter lived metastable state
and two γ rays (872, 1123 keV) originating from a lower-lying, longer-lived
isomer.
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Fig. 1. Fragment identification. (A) Energy loss at the middle focal plane versus

energy loss at the final focal plane. Charge state changes are distinguished here,

allowing selection between nuclei that undergo no change, the loss of or gaining of

an electron in the S2 achromatic degrader. (B) A/Q versus S4 position tangential

to the beam direction. Only ∆Q = 0 nuclei are plotted. Locations of the previously

observed 202Pt [3] and the newly identified 204Pt nuclei are highlighted.

Fig. 2. Delayed γ-ray spectra associated with 202,203,204Pt and 206Hg. Note that

the non-physical background suppression of low energy γ rays (up to ∼300 keV) is

a result of data analysis techniques. Similar γ-ray spectra are observed for 206Hg

and 204Pt, which exhibit 2-proton hole and 4-proton hole structures, respectively.
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In producing 204Pt four protons are removed from doubly closed shell
208Pb. Like 206Hg, 204Pt has two isomeric states (see Fig. 2). The higher
lying isomer in both cases is expected to be of a (πh 11

2

)−2

10+ character [4]. This

structure is associated with seniority two proton–hole states in the Z = 82
shell closure. A more detailed interpretation will be the subject of a future
publication.

In conclusion, new spectroscopic information has been obtained on a
range of heavy, neutron-rich nuclei, populated in relativistic energy projectile
fragmentation. For the first time, excited states in N = 125 203Pt and the
N = 126 204Pt have been presented, including the identification of three
isomeric states.
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High level of electromagnetic radiation is produced in the interaction of
relativistic ions with matter. A model to simulate it within GEANT4 has
been developed in order to evaluate these sources of background and their
influence on the experimental spectra. New classes have been added to
the standard GEANT4 program libraries, describing the radiative electron
capture, primary bremsstrahlung and secondary bremsstrahlung processes.
Simulations of experiments within the RISING stopped beam campaign
and comparison with the experimental results are presented.

PACS numbers: 25.75.–q, 25.70.–z, 25.70.Pq

1. Introduction

Utilization of secondary beams for spectroscopic experiments at rela-
tivistic energies is a major tool in studying exotic nuclei. Experiments with
this technique are carried out at GSI, Darmstadt within the RISING (Rare
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ISotope INvestigations at GSI) project [1]. Here we report on a study of
the background bremsstrahlung radiation in such experiments. The impor-
tance of the problem is related to the high production cross sections, high
multiplicity and high end–point energy of the bremsstrahlung photons due
to interaction of the relativistic ions with matter. As a result, the detector
response is influenced to a large extent by the emitted bremsstrahlung. De-
tailed knowledge of the origin of the background and the way it influences
the detection system is needed in order to be able reliably to determine
reaction γ-rays of interest. Thus, the main motivation of this work is to
create a reliable simulation tool for the background radiation processes in
spectroscopic experiments with relativistic ions.

The model uses the GEANT4 [2] Monte Carlo simulation tool. In its
standard distribution (up to version GEANT4.8.1) electron capture and
bremsstrahlung processes for relativistic ions are not implemented. In order
to introduce the bremsstrahlung emission in cases like this, two approaches
are possible: (i) to consider the dynamics of the individual electrons involved
in the stopping process of the ions and consequently track them, or (ii)

create directly photons using theoretical cross sections for bremsstrahlung
emission. The advantage of the first approach is that all particles involved in
the bremsstrahlung process are tracked down one by one and proper picture
of the angular distributions could be obtained. Disadvantage in this case is
that the model is very time and resource consuming. The second approach
takes advantage of the well defined relations describing the processes, which
can be compared to experiment. A major disadvantage is the assumption
that the born electrons never leave the target, reducing the applicability of
this processes to thick targets. In the present study the second approach is
used.

2. Bremsstrahlung of relativistic ions

The most important processes resulting in emission of electromagnetic
radiation in heavy-ion atom collisions are: the K and L X-ray radiation
from ionized target (or projectile) atoms, radiative electron capture (REC)
— a process of capture of target electrons in a bound atomic state of the
projectile, primary bremsstrahlung (PB) — a process of capturing a target
electron into an atomic continuum state of the projectile, and secondary
bremsstrahlung (SEB) which is emitted during the slowing down of the fast
moving electrons produced in a collision with the projectile [3]. Although
the X-rays originating from ionized target atoms have the highest intensity,
they have very low energies in the case of light materials. In the experi-
ments considered here they do not reach the detectors, and therefore, are
not considered. REC and PB are one–step processes. REC results in dis-
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crete lines, because the electron is captured in a well defined atomic state
of the projectile. In the second case, due to the interaction with the contin-
uum, the spectrum is continuous. The SEB process is a two–step process
and the bremsstrahlung results from the interaction between the emitted
electrons and matter, and involves the following steps: (i) interaction of the
heavy ion with a target atom and emission of a relativistic electron and (ii)

interaction of this electron with matter and emission of photons. In the ac-
cepted approach the electrons do not appear in the simulation process. We
also assume that scattered electrons do not leave the target. The latter as-
sumption is justified for thick targets. The properties of the three processes
(energy spectra, cross sections and angular distributions) are described in
details in Refs. [3, 4]. The theoretical cross sections are implemented in the
simulations.

The GEANT4 cross sections for the REC process calculated within this
model are compared in Fig. 1(a) with numerical calculations using different
approximate models [3]. The simulations yield the proper order of magni-
tude of the cross section. In Fig. 1(b) the experimental data for 60 keV
bremsstrahlung photons emitted in the stopping of 197 AMeV in different
target materials [3] are compared with calculated PB and SEB cross sections
integrated over the angle. In the low Z region the PB process has a larger
contribution than SEB process, while for higher Z targets the situation is
reverse. In the model the different processes are implemented in GEANT4
as separate classes (K and L REC are considered separately).
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Fig. 1. (a) Comparison of GEANT4 calculations (solid line) with analytical model

calculations for the REC cross section. (b) Experimental cross section for 60 keV

bremsstrahlung photons as a function of the atomic number Z (dots) [3] vs calcu-

lations for the PB and SEB cross sections.
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3. Bremsstrahlung in RISING stopped beam experiments

The RISING stopped beam set–up [7] consists of 15 Euroball Cluster
detectors in 4π geometry, divided in 3 rings — at 55◦, 90◦ and 125◦. The
secondary beam, which is selected by the Fragment Separator (FRS) passes
in its last section through two multi-wire chambers, an ionization chamber
and a time-of-flight scintillator, then it is slowed down with an Al degrader
and stops in a target catcher, a 7 mm plastic in this case [8]. In the simulation
the RISING detector array, the plastic target and the Al degrader, as the
major source of bremsstrahlung, are considered.

An example is provided for the decay of the (7−), T1/2 = 280 µs isomer

in 202Pt [5]. It decays by a cascade of three γ-rays, a doublet of 535 keV and
a 719 keV γ-ray. The first 535 keV transition populates the 4+

1
state, which

decays via two consequential E2 transitions. The measured isomeric ratio
is ∼ 15%. An event simulator for isomeric decays has been implemented
which takes into consideration the orientation of the emitted γ-rays. The
energy of the ions before the Al degrader is 422 AMeV, according to the
MOCADI [6] (simulation program to calculate the transport of primary
beams) calculations. As a result of the slow extraction of the ions from
the primary target they are considered to arrive in an average interval of
about 1 ms. In this way the detector response to the arrival of a single ion
can be studied. The event simulator takes into consideration whether the
impinging ion is an isomer and sets the time of emission of the γ-rays.

In Fig. 2 the experimental data are compared to simulated spectra for
the forward and backward detectors. The simulated spectra are shifted
downwards by an order of magnitude. The ratio of the experimental to
the simulated spectra is shown in the lower part of the figure. There is a
good agreement with the data at lower energies for forward angles. At back-
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ward angles at lower energies the agreement is worse and the simulation
overestimates the bremsstrahlung flash. These photons originated from the
Al degrader. At present, the simulations do not consider all construction
materials, e.g. the supporting frame, which results in a larger number of
low energy photons reaching these detectors. The model fails to reproduce
also the high energy tail that is observed in the experiment. Note that this
tail is much more pronounced at backward angles, while the bremsstrahlung
flash is localized at forward angles. The reason for the high energy tail are
relativistic electrons or light particles which come with the beam and hit
directly the detectors. Such processes are not considered in the simulations.
The spectra of the forward detectors are reproduced reasonably well because,
due to the geometry of the experiment, these detectors see predominantly
the bremsstrahlung flash. The decay γ–rays of 202Pt are presented in Fig. 3.
The intensities of 535 and 719 keV transitions, although overestimated, are
reproduced reasonably well. For the 535 keV γ-rays the difference is about
30% and increases towards higher energies because, as mentioned, high ener-
getic particles and other processes, resulting in low energy γ-rays radiation,
are not taken into account.
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Fig. 3. The 202 Pt isomeric decay spectra. The upper line is experimental spectrum

and the lower — the simulated spectrum which is shifted downwards by an order

of magnitude.

In conclusion, the developed tool allows the bremsstrahlung emitted in
stopping of relativistic heavy ions to be simulated with GEANT4. The
provided example for the isomeric decay of 202Pt, which was measured within
the stopped beam RISING campaign [8], demonstrates the applicability of
the simulation tool. In the future the developed model will be used in
simulations of different experiments utilizing relativistic ions beams.
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j INFN, Universitá degli Studi di Milano, I-20133 Milano, Italy

k CCLRC Daresbury Laboratory, Daresbury Warrington, Cheshire WA4 4AD, United Kingdom
l Faculty of Physics, University of Sofia, BG-1164, Bulgaria

m Dipartimento di Fisica, Universitá di Camerino, I-62032, Italy
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Abstract

The first results from the stopped beam RISING experimental campaign performed at the GSI laboratory in Darmstadt, Germany,
are presented. RISING (Rare ISotope Investigations at GSI) constitutes a major new experimental program in European nuclear
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structure physics research aimed at using relativistic energy (typically around 1 GeV per nucleon) projectile fragmentation reactions to
populate nuclei with highly exotic proton-to-neutron ratios compared to the line of beta stability. In its high-efficiency ‘stopped beam’
configuration, the RISING c-ray spectrometer consists of 105 individual, large volume germanium crystals which view a focal plane in
which the exotic nuclei are brought to rest (i.e. ‘stopped’). Here, decays from metastable or ‘isomeric’ states with half-lives in the nano to
milliseconds range can be observed, often providing the first spectroscopic information on these exotic nuclear species. This paper intro-
duces the physics aims of the stopped RISING collaboration and presents some technical details on the RISING detector array. Results
of initial commissioning experiments are also shown and details of the planned future experimental program are given.
� 2007 Elsevier B.V. All rights reserved.

PACS: 21.10.Tg; 23.20.�g; 25.70.Mn; 29.30.Kv

Keywords: c-Ray spectroscopy; Nuclear isomers; Nuclear structure
1. Introduction

The aim of the RISING collaboration is to study exotic
nuclei through beam fragmentation or projectile fission at
energies provided by the SIS synchrotron at GSI of a few
hundreds of MeV per nucleon. Previous experimental cam-
paigns have used these detectors for studies of ‘in-beam’ c-
ray spectroscopy at relativistic energies [1]. RISING was
moved to its stopped beam configuration for the first time
in February 2006 (Fig. 1). Two subsequent experimental
campaigns have now been performed aimed at the study
of nuclear structure using the isomer-delayed c-ray spec-
troscopy technique as outlined in [2–4]. Some brief techni-
cal details of a selection of these experiments and the
performance characteristics of the RISING array in this
configuration are presented below.
Fig. 1. Up left: the RISING stopped beam set-up, see text for details. Up right
fragmentation of the 107Ag beam. The 94Pd ions are selected and used to gate th
ion implantation in the passive (perspex) stopper. These conditions produce t
cascade associated with the Ip = 14+ isomer in 94Pd [2,9]. Bottom right: m
identification spectrum shown in Fig. 2-up for two different elements.
2. Technichal details

2.1. Basic isotope production, selection and identification

The production of exotic beams is done by the fragmen-
tation of a stable beam from SIS on a thick (typically a few
g/cm2) 9Be target. The two-stage FRagment Separator
(FRS) [5,6] is used in achromatic mode for the selection
and identification of the reaction products using time of
flight (ToF) and energy loss measurements. Through posi-
tion determination as measured with plastic scintillators at
the first and second focal plane of the FRS, the magnetic
rigidity of the individual ions can be accurately determined.
The time of flight information provided by these fast plastic
scintillators allows the determination of the particle veloc-
ity, from which a mass over charge (A/Q) ratio can be
example of particle identification spectra obtained following the projectile
e delayed c-ray energies observed between 500 ns and 2.5 ls following the

he spectrum in the bottom left portion of the figure which shows gamma
easured multiplicity of crystals which fired associated with the particle
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derived when the magnetic rigidity (Bq) is known. Finally
the charge is determined by two MUlti Sampling Ioniza-
tion Chambers (MUSIC) at the end of the FRS (see
Fig. 1) which measure the energy loss of the individual
ions. A variable thickness aluminum degrader at the sec-
ond focal point is used to slow down the ions such that they
can be implanted in a passive stopper at the center of the
germanium array. In the initial stopped RISING experi-
ments, passive stoppers made from perspex, copper and
beryllium were used. To minimize the transmission of
hydrogen and higher charge states, niobium stripper foils
were placed after the production target and the achromatic
degrader.

2.2. The ‘stopped beam’ rising array

2.2.1. Technical data

The RISING array in its stopped beam configuration
comprises 15 seven-element germanium cluster detectors
[7] in a high-efficiency configuration (see Fig. 1). The detec-
tor were in three angular rings at 51�, 90� and 129� to the
primary beam axis, each containing five cluster detectors.
The average distance from the front face of the detectors
to the centre of the passive stopped at the final focal place
was approximately 22 cm. The measured photopeak c-ray
efficiency for the array in this geometry for sources placed
in the center of the focal plane was approximately 15% at
661 keV.

2.2.2. Electronics

The two outputs from the Euroball pre-ampliers of the
germanium detectors were sent to two separate electronics
branch. The energy signal is processed by full digital elec-
tronic using DGF-4C modules from XIA [8]. This gives
an energy resolution of less than 3 keV at 1.3 MeV under
experimental conditions. Those modules have an internal
clock with a 25 ns step which is used for the germanium
timing signal. The fast plastic signal from the particle
detector at the final focus of the FRS was also sent to each
DGF crate to check the synchronization of the DGF
crates. A second germanium preamplifier signal was sent
to a conventional timing branch (TFA/CFD/TDC) with
the TDC timing measured between the delayed gamma as
a start signal and uses in ‘common-stop’ using the signal
from the plastic in the second focal point. Two ranges of
TDC were used, one with a short range of approximately
1.2 ls to give a good definition for short-lived (�10 ns) iso-
mers and the CAEN 767 TDC with a range up to 800 ls.
The total range for timing correlations between implanted
ions and delayed c-rays was determined by the maximum
width of the DGF max coincidence window (400 ls).

3. Selected experimental results

During Feburary–March 2006 three experiments were
performed using the stopped beam RISING set-up using
beams of 58Ni, 107Ag and 208Pb on Be production targets.
The main physics aims of these studies were (i) the study
of isospin symmetry N = Z nuclei and (ii) the study of
shell-model states in neutron-rich nuclei around the
N = 126 shell gap. In addition, these experiments provided
significant new information on the nuclear reaction mech-
anism associated with the population different angular
momentum states in projectile fragmentation reactions.

Fig. 1 shows an example particle identification and
delayed c-ray spectra from the 107Ag beam experiment
using the DGF timing branch. The clean separation of
the previously reported Ip = 14+ isomer in 94Pd [2,9] is
readily apparent.

One of the major problems with previous fragmentation
isomer studies has been a loss of c-ray detection efficiency
under the experimental conditions due to the so-called
‘prompt flash’ associated with light particles and brems-
strahlung during the slowing down process in the passive
stopper which are observed by the germanium detectors
[3]. One of the main drivers behind the design of the
stopped beam array was its increased granularity over pre-
viously used set-ups [3,4]. Fig. 1 shows the measured
prompt c-ray multiplicity for Tc and Pd residues observed
using the 107Ag primary beam stopped in 7 mm of perspex
in the center of the stopped RISING array. These results
suggest that in this experiment only �5% of the individual
detectors were ‘blinded’ by this prompt radiation compared
to values of �80% in the closer geometry set-up [4]. The
extra granularity of the RISING set-up thus clearly pro-
vides a major increase in the experimental efficiency for
such studies.

3.1. Charge state separation and internal conversion

suppression

In the majority of cases, the projectile fragmentation
and fission products are transmitted through the FRS fully
stripped of their atomic electrons (i.e. Q = Z), however, a
fraction of the ions can be transmitted in other charge
states, particularly hydrogen-like ions (i.e. Q = Z � 1).
This can cause charge state anomalies and misidentification
of ions unless accounted for. The technique outlined in [10]
was used to discriminate between ions which do not change
charge states between the first and second halves of the
FRS (which are predominantly fully stripped ions) and
those which pickup a electron (and thus change their
charge by �1e) in the second portion of the FRS. This
‘‘DBq, DE’’ technique [10] enhances the selection of fully
stripped bare ions. Fig. 2 shows a particle identification
plot for neutron-rich Pt and Au nuclei produced following
the projectile fragmentation of a 208Pb beam at 1 GeV per
nucleon. The c-ray spectra gated on fully stripped and
hydrogen-like 204Pt (N = 126 isotones of the beam) shown
on the right side of Fig. 2 shows the effect the ionic charge
state of the transmitted nuclei have on isomeric measure-
ments. The transitions from isomeric decays in 204Pt were
observed for the first time in the February 2006 208Pb pri-
mary beam experiment. Two distinct isomers were



Fig. 2. (left) The charge state separation can be demonstrated using the deduced energy loss in the S2 degrader plotted against the energy loss of the ions in
the MUSIC chambers. This can then be used to separate Q = Z (fully stripped) and Q = Z � 1 (hydrogen-like) ions. (right) Transitions identified for the
first time following isomeric decays in the N = 126 isotone 204Pt for the first time following the fragmentation of a 208Pb beam. The effect of fully stripping
the ions of electrons and thus ‘switching off’ the internal conversion decay branches in flight is clearly demonstrated by the reduced observation of the 96,
1061 and 1158 keV transitions in the hydrogen-like spectrum (lower) compared to the fully stripped one (upper).
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observed in this nucleus; with the higher-lying having a sig-
nificant decay branch associated with a highly-converted,
low-energy transition (96 keV). This internal conversion
decay branch is ‘switched off’ for fully stripped ions and
Fig. 3. c-Ray spectra associated with the decays of the high-spin isomers
in 147Gd[11] and 148Tb [12] as observed following the projectile of the
208Pb beam. These decays represent the highest discrete spins observed to
date in projectile fragmentation reactions.
thus more of this decay survives through the few hundred
nanosecond flight-time through the FRS. This is not the
case for the same nucleus in the hydrogen-like state, where
the decay can occur, thus explaining the difference between
the relative intensities of the transitions shown in the upper
and lower c-ray spectra shown in Fig. 2.

3.2. High spin population in fragmentation

Fig. 3 shows the spectra associated with the previously
reported isomers in 147Gd [11] and 148Tb [12] as observed
in the current work following projectile fragmentation with
the 208Pb beam. The isomer in 148Tb has an angular
momentum of 27 h, which corresponds to the highest dis-
crete angular momentum observed to date in projectile
fragmentation reactions. The population and observation
of such decay augurs well for future studies of high-spin
states in exotic nuclei, particularly for neutron-rich species
inaccessible with standard stable-beam/target fusion evap-
oration reactions.

4. Summary and conclusion

In addition to the brief results presented here from the
107Ag and 208Pb induced experiments, additional studies
have now been performed using the stopped RISING set-
up with 58Ni, 136Xe and 238U primary beams. Highlights
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from these studies include the identification of core break-
ing isomers in the 54Fe/54Ni mirror pair and the identifica-
tion of new shell-model isomers close to the 132Sn doubly
magic core. Future plans include the use of fission frag-
ments for studies of neutron-rich A � 110–130 nuclei and
the implementation of a segmented silicon ‘active stopper’
placed in the centre of the RISING for b-delayed
spectroscopy.
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Observation of Isomeric Decays in the r-Process Waiting-Point Nucleus 130Cd82
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The � decay of excited states in the waiting-point nucleus 130Cd82 has been observed for the first time.
An 8� two-quasiparticle isomer has been populated both in the fragmentation of a 136Xe beam as well as
in projectile fission of 238U, making 130Cd the most neutron-rich N � 82 isotone for which information
about excited states is available. The results, interpreted using state-of-the-art nuclear shell-model
calculations, show no evidence of an N � 82 shell quenching at Z � 48. They allow us to follow nuclear
isomerism throughout a full major neutron shell from 98Cd50 to 130Cd82 and reveal, in comparison with
76Ni48 one major proton shell below, an apparently abnormal scaling of nuclear two-body interactions.

DOI: 10.1103/PhysRevLett.99.132501 PACS numbers: 21.60.Cs, 23.20.Lv, 26.30.+k, 27.60.+j

The pioneering work of Goeppert-Mayer [1] and Haxel,
Jensen, and Suess [2] in realizing that the experimental
evidence for nuclear magic numbers could be explained by
assuming a strong spin-orbit interaction constituted a ma-
jor milestone in our understanding of the internal structure
of the atomic nucleus. However, it has been recognized for
more than 20 years that the single-particle ordering which
underlies the shell structure (and with it the magic num-
bers) may change for nuclei approaching the neutron dri-
pline. It has been argued that the neutron excess causes the
central potential to become diffuse, leading to a modifica-
tion of the single-particle spectrum of neutron-dripline
nuclei [3,4]. In addition, a strong interaction between the
energetically bound orbitals and the continuum also affects
the level ordering. The consequence of these modifications
can be a shell quenching; i.e., the shell gaps at magic
neutron numbers are less pronounced in very neutron-

rich nuclei than in nuclei closer to stability. At the extreme,
these gaps may even disappear. Alternatively, the tensor
part of the nuclear force has been shown to cause shell
reordering for very asymmetric proton and neutron num-
bers [5,6].

The N � 82 isotones below the doubly magic nucleus
132Sn are crucial for stellar nucleosynthesis due to the close
relation between theN � 82 shell closure and the A � 130
peak of the solar r-process abundance distribution. Based
on the mass models available at that time, it was shown in
the 1990s that the assumption of a quenching of the N �
82 neutron shell closure leads to a considerable improve-
ment in the global abundance fit in r-process calculations
[7,8], in particular, a filling of the troughs around A � 120
and 140. On the other hand, recently, alternative descrip-
tions of the phenomenon have been given without invoking
shell quenching at all [9,10]. Unfortunately, the very
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neutron-rich N � 82 waiting-point nuclei are still out of
reach experimentally. However, recent spectroscopic ob-
servations in nuclei close to 132Sn have been interpreted as
the first experimental evidence of a quenching of the N �
82 shell closure in 130Cd [11,12], much closer to 132Sn than
predicted by any calculation. One such observation con-
cerns the low excitation energy of 957 keV tentatively
proposed for the 2� state of this nucleus [11].

In this Letter, we present the identification of an iso-
meric decay in 130Cd, representing the most neutron-rich
N � 82 waiting-point nucleus in which �-ray transitions
have been observed to date. The results present the most
direct information with respect to any possible modifica-
tion of the N � 82 shell gap close to 132Sn.

Isomer spectroscopy was performed to search for an
I� � 8� isomer in 130Cd. Such an isomeric state,
based on a maximally aligned pair of proton holes in
the g9=2 orbit, was expected to exist in this nucleus in
analogy to the 8� isomer observed in the valence analog
Cd isotope 98Cd50 [13]. The experiment was performed
at the Gesellschaft für Schwerionenforschung (GSI),
Darmstadt, Germany. In the first part, 130Cd was produced
via 6-proton knockout from a 136Xe projectile accelerated
to 750 MeV=u by the SIS-18 synchrotron and impinging
on a 4 g=cm2 Be target. In the second part of the experi-
ment, 130Cd ions were produced using projectile fission of
a 238U beam at an energy of 650 MeV=u and a 1 g=cm2 Be
target. They were separated from other reaction products
and identified ion by ion in the GSI fragment separator
(FRS) [14] via the measurement of the energy loss, the
magnetic rigidity, the positions in the intermediate and the
final focal plane, and the time of flight in the second half of
the FRS. Figure 1 illustrates the identification of the differ-
ent Cd isotopes.

The fraction of the nuclei implanted in an excited iso-
meric state in a passive stopper at the spectrometer focal
point was 10%–20% of the total population. These iso-
meric states then decay to the ground state by �-ray

emission. These � rays were detected by 15 large volume
Ge cluster detectors [15] from the former EUROBALL
[16] spectrometer arranged in close geometry around the
stopper. With the requirement of a delayed coincidence
relationship between the implanted ion and the detected
� ray, the radiation can be unequivocally assigned to the
decay of an isomeric state of a particular isotope. It should
be stressed that only the unprecedented high gamma de-
tection efficiency and granularity of the Ge array [17]
available within the rare isotope spectroscopic investiga-
tion at GSI experimental campaign, in conjunction with the
clean identification after fragmentation reactions at rela-
tivistic energies, allowed for the first time observation of
isomeric decays in 130Cd despite its very low production
cross section.

The data for 130Cd obtained from the two parts of the
experiment have been combined. Figure 2 (top row) shows
the spectrum of � rays observed in delayed coincidence
with a total of about 6300 identified and implanted 130Cd
ions. In this spectrum, four transitions are clearly observed
with energies of 128, 138, 539, and 1325 keV, respectively.

FIG. 1 (color online). Example of particle identification plots
from the fragmentation of 136Xe. Left: Z identification from the
energy losses measured in two multiple sampling ionization
chamber ionization chambers. Right: Isotope identification
from the positions of the Cd ions in the final focal plane S4 of
the FRS shown as a function of A=Q.

FIG. 2. Delayed �-ray spectrum (75 ns–1 �s) in coincidence
with identified 130Cd ions implanted in the stopper. The inset
shows the time distribution between the ion implantation and the
detection of one of the four � rays. The lower panels show the �
spectra observed in coincidence with the 128, 138, 539, and
1325 keV transitions, respectively.
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Since all of these transitions are observed in mutual coin-
cidence as evidenced by the coincidence spectra included
in Fig. 2, we may assume that they form a single cascade
from one isomeric state to the ground state. Assuming that
the transitions within the cascade have identical intensities,
the missing gamma yield for the two low-energy transi-
tions can be attributed to internal conversion. In Table I, we
summarize the observed relative intensities of the four
transitions and compare the experimental conversion co-
efficients for the 128 and 138 keV transitions with the
theoretical ones for E1, M1, and E2 multipolarity. From
this comparison, we conclude that E2 character is the most
probable assignment for the two low-energy transitions.

In the N � 50 isotope 98Cd50 [13], the transition ener-
gies in the E2 cascade from the maximally aligned 8�

isomeric state to the antialigned 0� ground state are 147,
198, 688, and 1395 keV. We therefore assign the 1325 keV
transition as the ground state transition and the 539 keV
line as the 4� ! 2� transition. The 128 and 138 keV
� rays form the 8� ! 6� ! 4� sequence. Their order
cannot be firmly established because their energies are so
similar. The time distributions of the four transitions have
been fitted separately with a single exponential decay. The
resulting half-life values agree within their statistical un-
certainties (see Table I). Assuming pure ��g9=2�

�2 con-
figurations for the 2� to 8� states, the 6� state is expected
to be an isomer with a nanosecond half-life, too.
Unfortunately, the low statistics of the observed time dis-
tributions do not allow an independent determination of
T1=2�6

��. We therefore deduced a single decay time of
T1=2 � 220�30� ns by performing a least-squares fit to
the summed time spectra of all four transitions shown in
the inset in Fig. 2. In 98Cd, a 12� isomeric state has been
observed feeding the 8� isomer [18]. We cannot exclude
the existence of such a second, higher-lying isomer in
130Cd.

Our experimental results are not consistent with the
previous tentative assignment [11] of a 2� state at
957 keV in 130Cd. In Fig. 3, the new level scheme for
130Cd is compared to two different nuclear shell-model
(SM) calculations based on a 88Sr50 core and G-matrix
realistic interactions derived for different model spaces
from a CD-Bonn nucleon-nucleon potential [19] following
the method outlined in Ref. [20]. The first, called SM-I in

the following, uses a model space p1=2, s, d, g for protons
and g7=2, s, d, h11=2 for neutrons. This implies that excita-
tions across the closed Z � 50 proton shell are included,
whereas neutron excitations across the N � 82 shell clo-
sure are not. The effective interaction was monopole tuned
to experimental data between N � 50 and 82 to reproduce
single-particle and hole energies in 132Sn [21]. It was first
successfully applied to the study of the effects of 100Sn core
excitations in the A � 102–130 tin isotopes [22] and to �
decay half-life predictions for N � 82 isotones [23].
Further details on the single-particle energies and effective
operators used are given in Refs. [22–24]. The calculations
were performed with the code ANTOINE [25]. The second
shell-model calculation, SM-II, uses a model space p1=2,
g9=2 for protons and, as in SM-I, g7=2, s, d, h11=2 for
neutrons. Therefore, proton core excitations across Z �
50 and neutron core excitations across N � 82 are not
considered in this approach. Starting from the G matrix
for this valence space, an effective interaction was derived
by applying monopole corrections to describe the evolu-
tion of experimental single-particle energies for 88Sr to
proton hole and neutron particle energies in 100Sn as
adopted from Refs. [9,26]. The interaction was found to
describe both high-spin states and Gamow-Teller decay in
the 100Sn region very well [27]. For the 132Sn region, be-
sides A�1=3 scaling, additional monopole corrections were
applied to describe the single hole energies [9,26] in 132Sn
without modifying the 100Sn results. For 130Cd, proton and
neutron effective charges of 1.5 e and 0.5 e, respectively,
were used to calculate E2 transition strengths. Further
details about these calculations, which were performed

TABLE I. Energy, half-life, relative intensity, and experimen-
tal and theoretical conversion coefficient for the transitions
observed in delayed coincidence with implanted 130Cd ions.

E� T1=2 �theo �theo �theo

(keV) (ns) Irel �exp E1 M1 E2

128 216(48) 2.06(26) 0.63(26) 0.08 0.23 0.62
138 216(48) 2.16(27) 0.56(25) 0.07 0.19 0.48
539 214(33) 3.21(43) � � � � � � � � � � � �

1325 186(29) 3.62(56) � � � � � � � � � � � �

FIG. 3. Proposed level scheme of 130Cd compared to two
different shell-model calculations (see text for details). The
isomeric 8� state [T1=2 � 220�30� ns] at an excitation energy
of 2130 keV is connected to the ground state via a cascade of
four E2 transitions.
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with the shell-model code OXBASH [28], are given in
Ref. [27]. The calculated B�E2� transition strength for
the 8� ! 6� transition, B�E2�SM-I � 1:5 W:u: and
B�E2�SM-II � 1:2 W:u:, compare well with the experimen-
tal values of 1.7(2) and 1.3(2) W.u., respectively, obtained
assuming either the 128 or the 138 keV � ray to be the
8� ! 6� transition. Note that these values are also in good
agreement with the corresponding experimental value of
1.3(4) W.u. in 98Cd [18]. Since both shell-model calcula-
tions employing modern interactions describe the level
sequence and the decay properties of the 8� isomeric state,
we conclude that our new experimental results on 130Cd
provide no evidence for a quenching of the N � 82 shell
closure.

We close this Letter with a stunning observation. In an
empirical shell-model approach [26], the I � 2� � 8�

levels are pure �g9=2�
�2 states, while the 0� ground state

is mixed with the �p1=2�
�2 configuration. Our new results

on 130Cd, in comparison with 98Cd and 76Ni48 [29], there-
fore allow one for the first time to extract an empirical j2

two-body interaction, namely, for g9=2 protons and neu-
trons, over a wide range of atomic mass A. Apparently, the
2� � 8� energy spread scales with A�1 (as indicated by
solid arrows in Fig. 4), which seems to be at variance with
the common assumption [25,30] of a scaling with the
harmonic oscillator quantum @!0 � 41A�1=3 (indicated
by dashed arrows in Fig. 4). This result should not be
affected by Coulomb effects as, for I � 0, Coulomb shifts
are essentially constant in this model space [31]. However,
this g�2

9=2 interpretation of the 2� � 8� energy difference
could be altered when extended model spaces are consid-
ered. In the first approximation, the 2� � 8� spreading can

be estimated by considering only the quadrupole part of the
effective interaction for which a scaling law Eq�
m2=�D � A1=3� has been derived that warrants shell struc-
ture and saturation [25]. Here m and D denote the number
of particles at the Fermi level and the shell degeneracy. For
both T � 1 excitations from the lower pf shell and across
the Z, N � 50 magic shell closure to the sdg shell (proton
excitations in the case of Cd, neutron excitations in the case
of Ni), for which m and D are identical for all three
isotopes, the familiar A�1=3 scaling is preserved.
However, for core excitations of the Z � 28 (76Ni), N �
50 (98Cd) and 82 (130Cd) closed shells which involve
strong proton-neutron (T � 0) interactions, an additional
downscaling occurs with increasing major shell and D
leading to the observed deviation from the A�1=3 scaling.

In conclusion, the question of whether and how far
below 132Sn an erosion of the N � 82 shell closure occurs
will be answered only when lighter N � 82 waiting-point
nuclei become accessible for both mass measurements and
spectroscopic investigations at future radioactive beam
facilities. The new results on the level scheme of 130Cd,
however, give no evidence for N � 82 shell quenching in
this nucleus.
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Abstract

The low-lying structures of the self-conjugate (N = Z) nuclei 82
41Nb41 and 86

43Tc43 have been investigated using isomeric-decay spectroscopy

following the projectile fragmentation of a 107Ag beam. These represent the heaviest odd–odd N = Z nuclei in which internal decays have been
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identified to date. The resulting level schemes shed light on the shape evolution along the N = Z line between the doubly-magic systems 56
28Ni

and 100
50Sn and support a preference for T = 1 states in Tz = 0 odd–odd nuclei at low excitation energies associated with a T = 1 neutron–proton

pairing gap. Comparison with Projected Shell Model calculations suggests that the decay in 82Nb may be interpreted as an isospin-changing K

isomer.
© 2008 Elsevier B.V. All rights reserved.

PACS: 29.30.Kv; 23.20.Lv
Pairing correlations are a fundamental aspect in describing
many areas of physical structure, for example BCS pairs in su-
perconducting metals [1]. The nucleus is a unique system in
this respect as three pairing modes are present; neutron–neutron
(nn), proton–proton (pp) and neutron–proton (np). The np

pairing mode represents a two-fluid system in which the com-
ponents can be coupled (or “paired”) together in two ways,
(i) with the intrinsic spins, s, parallel (T = 0), or (ii) anti-
parallel (T = 1), where T is the isospin quantum number [2].

Structurally related states appear in nuclei of the same mass
number, A (but different numbers of protons, Z, and neutrons,
N ), when an np pair is exchanged with an nn or pp pair. The
appearance of these isospin multiplets is a manifestation of
the charge independence of the strong nuclear force, a corner-
stone of our current understanding of nuclear structure. States
with the same isospin quantum number form analogous spec-
tral patterns in these isobaric chains, with individual nuclear
species characterised by their isospin projection quantum num-
ber Tz = N−Z

2 . In most nuclei the states with the lowest energy
have isospin values T = Tz. However this pattern can be mod-
ified in nuclei with equal numbers of protons and neutrons. It
is only in N ≈ Z nuclei where the proton and neutron states at
the Fermi surfaces have a sufficient spatial overlap that protons
and neutrons in equivalent orbitals can couple (i.e., np pairs) to
form both T = 1 and T = 0 states of similar energies [3]. There
has been longstanding interest in the structure of medium mass
even–even N = Z nuclei with the aim of determining the mag-
nitude of the T = 1, np pairing strength through the observation
of ‘delayed alignments’ at higher spins in such systems [4,5].
Self-conjugate nuclei represent a unique laboratory in which
the direct competition between the T = 1 and T = 0 neutron–
proton pairing mode can be investigated.

The ground state β-decay half lives of all odd–odd N = Z

nuclei up to 98
49In have been reported [6,7]. All those between

34
17Cl and 98

49In, except 58
29Cu, are consistent with superallowed

Fermi β-decay, indicating T = 1 ground states with spin/parity,
Iπ = 0+. Excited states in odd–odd N = Z, fpg shell nuclei
up to 78

39Y have also been identified using heavy-ion fusion-
evaporation reactions and charged-particle detectors [8–15]. In
each case excited states have been identified and assigned as
Isobaric Analogue States of the T = 1, Iπ = 2+ and 4+ states
in the Tz = 1 isobar providing evidence for a T = 1, np pairing
condensate. Odd-spin states at low excitation energy have also
been observed and interpreted as T = 0 states.

Deformation plays a key role in the structure of self-
conjugate nuclei due to the coinciding low level densities in
both the proton and neutron nuclear potential. Stable ground-
state deformation has been shown to exist along the N = Z line
with the maximum at 76

38Sr38 [16]. A swift change from this de-
formed nuclear potential to a near-spherical shape is predicted
to lie just above the Z = 40 shell gap. The Z = 41 nuclei are
suggested to represent this boundary [17] and therefore it is
expected that heavier systems will have softer, less-deformed
shapes.

With the exception of 78Y (76,77Y are particle bound), the
odd–odd N = Z nuclei with A � 70 also lie on the proton
dripline [18–20] i.e. they are the lightest particle-bound iso-
topes of their respective element. The low proton (compared to
neutron) separation energies of these nuclei make the produc-
tion cross-sections of these nuclei in fusion-evaporation reac-
tions extremely low (∼ µb) compared to the total fusion cross-
section (∼ 1 b). Projectile fragmentation provides an alternative
mechanism to populate such nuclei, where the existence of iso-
mers allows the identification of excited states [21].

Here we report on new results for the self-conjugate proton
drip-line nuclei, 82

41Nb and 86
43Tc. These are the heaviest odd–odd

N = Z nuclei in which γ -ray transitions have been observed
and support a dominance of the T = 1 pairing interaction over
its T = 0 counterpart. The isomer in 86Tc has been reported
previously, and two transitions tentatively assigned [21]. In the
same work evidence for a short-lived isomer was reported in
82Nb but no discrete γ -rays observed. Some preliminary analy-
ses of the current work have been reported in conference pro-
ceedings [22,23].

The current experiment was performed at the Gesellschaft
für Schwerionenforschung (GSI) where a 107Ag primary beam
was accelerated to 750 MeV per nucleon by the SIS-18 syn-
chrotron and made to impinge on a 4 g/cm2 Be target. The
typical primary beam current was 2 × 109 ions per beam spill
over an extraction time of 5 s. The reaction products were trans-
ported to the focal plane of the FRagment Separator (FRS)
[25] and identified using values of A/q and Z calculated from
measurements of magnetic rigidity, time-of-flight, position and
energy loss. The fully-stripped nature (i.e. Z = q) of the ions
enabled an unambiguous particle identification [25,26]. The
ions were stopped in a 7 mm thick perspex block at the centre
of the Stopped RISING gamma-ray array [26,27]. In this con-
figuration the array consisted of 105 Ge crystals grouped into
15, 7 element clusters with a measured photo-peak efficiency
of ∼ 15% at 662 keV. Gamma-rays emitted in the decay of iso-
meric states were detected in the array and correlated with the
arrival time of the associated ion.

During the experiment, the FRS was tuned to maximise the
transmission of 82Nb (∼ 5 hours primary beam time) and 86Tc
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Fig. 1. Particle identification plot for combined data of the current work and the
location of the predicted proton dripline as calculated from Ref. [24].

Fig. 2. Projections of the 2D spectrum in Fig. 1 for Technetium, Molybdenum
and Niobium isotopes from the combined data of the current work.

(∼ 90 hours) in two separate settings. In the 86Tc setting, 82Nb
ions were also transmitted to the focal plane and in the final
analysis the data from both settings were combined. Figs. 1
and 2 show example particle identification plots from the cur-
rent work. The Tz = 0 nuclides 82Nb and 86Tc, lie on the proton
dripline, but the even-Z, Tz = − 1

2
83Mo is also particle bound,

consistent with previous findings [19,20]. Fig. 3 shows the de-
layed γ -ray spectra associated with isomeric decays in 82Nb
and 86Tc. These spectra were produced from the implantation
of ∼ 4500 and ∼ 7700 ions of 82Nb and 86Tc respectively.

Three discrete γ -ray transitions (124, 418 and 638 keV) are
associated with the decay of a T1/2 = 133(25) ns isomer in
82Nb and are demonstrated to be in mutual coincidence (see
Fig. 3). The half-life measurement was made by performing a
least-squares fit to the summed time spectra associated with the
Fig. 3. Singles and coincident energy spectra of delayed γ -ray events associ-
ated with 82Nb (left) and 86Tc (right). The upper panels show singles data for
82Nb gated between 150 → 500 ns and 86Tc between 150 ns → 5 µs after im-
plantation. The fitted half lives are 133(25) ns and 1.59(20) µs respectively.

418 and 638 keV transitions (see inset of Fig. 3). The two higher
energy transitions are notably similar in energy to the 2+ → 0+
(407 keV) and 4+ → 2+ (634 keV) in the Tz = +1 isobar, 82Zr
[28] suggesting these are decays from T = 1 isobaric analogue
states in 82Nb. On this basis they are assigned as the first two
transitions of the 82Nb, T = 1 ground-state band.

The γ -ray intensity balance around the (4+) state has been
used to infer the internal conversion coefficient, αtot, of the
124 keV transition to be 0.3(3). This is consistent with M1,
E1 or E2 multipolarity (see Table 1 [29]), but does not allow
a clear discrimination between the possibilities. The deduced
value for the isomeric ratio [30] depends on the value of the in-
ternal conversion coefficient of the direct decay. Although the
statistical uncertainties are significant, an E2 multipolarity for
the 124 keV transition would result in an unphysically large
isomeric ratio greater than 100%. E1 or M1 assignments yield
more physically realistic values less than 100%. Using these
arguments, plausible spin/parity assignments are restricted to
Iπ = 5− and 5+.

Five γ -ray transitions are identified following the decay of
a T1/2 = 1.59(20) µs isomer in 86Tc (Fig. 3). These data show
the 81, 593 and 850 keV γ -rays to be in mutual coincidence.
The latter two are assumed to be decays from the T = 1 iso-
baric analogue states of the Tz = +1 isobar, 86Mo (2+ → 0+ =
567 keV and 4+ → 2+ = 761 keV [31]). The 269 and 581 keV
γ -ray energies sum to 850 keV indicating a competing decay
branch to the (4+) → (2+) transition. Although the ordering
cannot be unambiguously determined here, the cascade can be
confirmed by the 269 and 850 keV coincidence gates. (We note
that some counts at 850 keV are observed in the 269 keV gate
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Table 1
Weisskopf single-particle half life estimates (neglecting internal conversion)
and total conversion coefficients for transitions in 82Nb and 86Tc [29]

82Nb, 124 keV 86Tc, 81 keV

T1/2 (s) αtot T1/2 (s) αtot

E1 1.87×10−13 0.065 6.50×10−13 0.245
M1 1.46×10−12 0.131 3.41×10−12 0.514
E2 8.97 × 10−7 0.534 7.08 × 10−6 2.690
M2 5.64 × 10−5 1.120 4.59 × 10−4 6.420

Fig. 4. The experimental and theoretical (projected shell model) level schemes
of 82Nb and 86Tc. Partial level schemes of 82Zr, 84Nb and 86Mo are also shown
for comparison [31–33].

due to components of the Compton background associated with
the 593 keV transition.)

Using intensity balance arguments the internal conversion
coefficient for the 81 keV γ -ray is inferred to be αtot = 3.5(8).
A comparison with calculated values (Table 1) indicates this
transition to be a stretched E2, leading to a spin/parity assign-
ment of (6+) for the isomeric state. While such a conversion
coefficient could in principle arise from a highly mixed E1/M2
transition such an assignment is unlikely on the basis of the
expected partial half-lives for such competing multipoles (see
Table 1). The measured half life is also consistent with a single-
particle 81 keV E2 transition rate.

Level schemes for 82Nb and 86Tc are presented in Fig. 4.
The low level-density observed following the isomeric decay is
consistent with the reduced level density reported in other odd–
odd N = Z systems. Only one excited state is observed below
1 MeV in 82Nb compared to 17 excited states reported in 84Nb
[33]. We suggest this is further evidence for a T = 1 np pair
gap specific to N = Z nuclei [11,12].

The Projected Shell Model (PSM) [34] including np interac-
tions [35] reproduces the observed ground state structures in the
even–even N = Z nuclei with A = 68 → 88. PSM calculations
have now been performed for 82Nb and 86Tc. The results for
the positive parity states are shown in Fig. 4. For both nuclei,
the calculation shows a low-lying Iπ = 5+ 2-quasiparticle state
with a Nilsson configuration of ν[422]5/2+ × π[422]5/2+. In
Fig. 5. Structural evolution of the N = Z nuclei across the fpg shell. (a) De-
formation calculated using the empirical relationship described in Ref. [38],
(b) excitation energy of the first Iπ = 2+ state, and (c) E(4+)/E(2+) ratio.

82Nb this Iπ = 5+ configuration is predicted to lie just above
the T = 1, 4+ state. The population of a T = 0 state with this
configuration is consistent with the low-lying band structures in
the Tz = + 1

2 neighbours 81Zr [36] and 83Nb [17,37]. The cal-
culations also predict two low-lying K = 4− states at approx-
imately 1.3 MeV in 82Nb and negative parity states of mixed
K = 5,6 at ≈ 1.2 MeV in 86Tc. A Iπ = Kπ = 6+ state can be
formed in 86Tc by a coupling of the [422]5/2+ and [413]7/2+
Nilsson orbitals but appears at a significantly higher excitation
energy in the calculation.

Fig. 5 shows energy systematics for N = Z nuclei from
A = 60 → 88 including the current data. Using an empiri-
cal relationship between the energy of the first 2+ energy and
quadrupole deformation (β2) [38] an estimate of the ground-
state deformation can be made for both even–even (T = 0) and
odd–odd (T = 1) structures.

One mechanism by which nuclear half lives can be pro-
longed in axially deformed nuclei is that of K hindrance [39].
The quantum number K , is the projection of the total angu-
lar momentum along the nuclear axis of symmetry. If there is
a significant mismatch between the K values of initial and fi-
nal states in electromagnetic decay, such that �K � λ where
λ is the multipole order of the decaying transition, then the
transition is expected to be ‘K hindered’. A 124 keV M1 de-
cay from an Iπ = Kπ = 5+ to an Iπ = 4+, K = 0 state has
�K = 5, ν = 4, where ν = �K −λ. The reduced hindrance for
K-isomeric decays is defined by fν = (T1/2/T W

1/2)
1/ν [39]. An

assumption of a pure M1 isomeric decay in 82Nb gives fν ≈ 18,
a substantial value intermediate between the accepted values of
fν ∼ 100 for the best case axially-symmetric K isomers and
∼ 1 for unhindered decays.
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It is noteworthy that the isomeric state in 86Tc lies in
the vicinity of the predicted proton separation energy of
1393 (409) keV [24] thus allowing the possibility of direct
proton emission from the isomer competing with internal elec-
tromagnetic decay. Such a competing (proton) decay branch
would speed up the total mean lifetime of the isomeric state
and could explain the apparent absence of any K-hindrance in
this nucleus. This possibility cannot be confirmed in the current
experiment. (The proton separation energy for 82Nb is calcu-
lated to be 1775 (341) keV [24].)

In even–even nuclei, the ratio of excitation energies of the
yrast 4+ and 2+ states (R = E(4+)

E(2+)
) is used as a signature for

nuclear shapes with an idealised quadrupole vibrational nucleus
having R = 2.0 and a perfect axially symmetric rotor having
R = 3.33. Fig. 5 shows such a plot for N = Z nuclei between
60
30Zn and 88

44Ru. The value of R = 2.53 for 82Nb is consistent
with some axial asymmetry and/or γ -softness, which could ex-
plain the inferred reduced hindrance for an M1 transition. We
note that any proposed K-hindrance is not apparent for the
(likely) E2 isomeric decay in 86Tc. This could be qualitatively
understood by a reduction in the deformation and associated in-
crease in γ -softness compared to 82Nb or by competition from
an unobserved proton decay branch.

In summary, we have identified low-lying structures in 82Nb
and 86Tc, the heaviest odd–odd N = Z systems for which in-
ternal decays have been measured to date. The data suggest
a dominance of the T = 1 pairing interaction over its T = 0
counterpart throughout the fpg shell. Plausible evidence for an
isospin changing K isomer along the N = Z line is also pre-
sented.
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Abstract

The Rare ISotopes INvestigations at GSI (RISING) project is aimed at nuclear structure and reaction studies using high-resolution
gamma-ray spectroscopy as its main tool. At the future FAIR facility, these tools will be employed by the High-resolution In-flight
SPECtroscopy (HISPEC) and DECay SPECtroscopy (DESPEC) projects. The improvements in the experimental setups, together with
the opportunities to be opened, are discussed.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The next generation European fragmentation-based
radioactive beam facility is part of the Facility for Antipro-
ton and Ion Research (FAIR) project [1]. The new facility
will provide beams of radioactive ions with unprecedented
intensities with the aim of studying the atomic nucleus. The
High-resolution In-flight SPECtroscopy (HISPEC) and

DESPEC (DEcay SPECtroscopy) projects address nuclear
physics questions using radioactive beams at energies of E/
A < 200 MeV. The projects focus on those aspects of
nuclear investigations with rare isotope beams which
require high-resolution c-spectroscopy setups.

At present, the GSI facility provides radioactive ion
beams produced in fragmentation and in-flight fission.
The Rare ISotopes INvestigations at GSI (RISING) pro-
ject exploits these beams, with experiments performed at
two energy regimes so far, E/A = 0 (at rest) and E/A �
100 MeV.

The planned technical improvements as we move from
RISING to HISPEC/DESPEC are discussed in the present
paper. The resulting much increased efficiency will allow
0168-583X/$ - see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.nimb.2008.05.106
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for both the study of nuclei further away form the stability
and the application of new techniques. The schematic
layout of the FAIR facility, including the existing GSI,
with the location of the projects discussed, is shown in
Fig. 1.

2. From GSI to FAIR

The Facility for Antiproton and Ion Research [1,2]
(FAIR) will be built in an international collaboration at
the site of the present GSI laboratory in Darmstadt, Ger-
many. The primary beam will be accelerated by the existing
linear accelerator (UNILAC) and synchrotron (SIS), and
the new synchrotron (SIS100/300). The primary beam
intensity will be increased by about a factor of �100 com-
pared to the existing GSI facility. This increase is due to
two main factors (i) a higher number of nuclei circulating
in the ring, achieved by having ions in a lower charge state
thus overcoming the present limitations due to the space-
charge limit, and (ii) shorter acceleration times, achieved
by using fast ramping magnets in the synchrotrons. The
FAIR facility will be able to produce intense, high bril-
liance primary beams of all stable chemical elements up
to uranium with energies in the range E/A 1–30 GeV and
also anti-protons. Beams of short-lived radioactive species

mailto:Z.Podolyak@surrey.ac.uk


Fig. 1. Schematic view of the FAIR facility. The location of RISING at
the present GSI facility, and the location of HISPEC and DESPEC at the
future FAIR facility are indicated.
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will be generated in fragmentation/spallation and fission
reactions. The Super FRagment Separator (SuperFRS)
[3] will be used to identify and separate the species of inter-
est. The SuperFRS, compared to the existing Fragment
Separator [4] will provide (i)’cleaner’ beams (due to its six
dipole magnets as opposed to four) and (ii) higher trans-
mission (due to the higher apertures of its magnets), espe-
cially for fission products.

Such a fragmentation facility is complementary to the
Isotope-Separation-On-Line facilities, such as ISOLDE
and SPIRAL2. It has the advantages of being able to pro-
vide any isotope independently of the chemical properties
of the element and the process is fast, resulting in beams
of the shortest-lived, and hence most exotic nuclei (albeit
at lower optical quality than those at ISOL facilities).
FAIR will be unique among the fragmentation facilities
in several ways: (i) experiments can be carried out at high
energies up to E/A�2 GeV; (ii) cleanest radioactive beams
for heavy nuclei and (iii) the existence of storage rings (see
Fig. 1).

Both HISPEC and DESPEC will be located on the low
energy branch of the SuperFRS, and they will profit from
the unique beam properties, such as: (i) isotopes of all ele-
ments between uranium and hydrogen can be uniquely pre-
pared as beams with energies from about E/A = 0 (stopped
beam) MeV to E/A = 200 MeV and with intensities appro-
priate for in-flight spectroscopy; (ii) ions with very short
lifetimes (a few 100 ns) can be studied; (iii) beams composed
of several isotopes, mono-isotopic beams and beams in high
spin isomeric states will be available; (iv) the beam quality
enables high-resolution c-spectroscopy, including angular
correlations, polarisation, g-factor and lifetime measure-
ments and (v) for energies around the Coulomb barrier
employing the New Experimental Storage Ring even high-
resolution particle spectroscopy becomes possible.

The physics case for the HISPEC/DESPEC experiments
[5,6] is part of the overall NUSTAR physics programme [7]
and shares the common goals of attempting to understand
nuclear structure and nuclear reactions and related ques-
tions in nuclear astrophysics. The collaboration will con-
centrate on those aspects of nuclear structure, reactions
and astrophysics investigations which can be exclusively
addressed with the proposed high-resolution spectroscopy
set-up using the beams unique to the FAIR facility. The
technical proposal of HISPEC/DESPEC can be found
at [8].

3. From RISING to HISPEC

Within the HISPEC project the nuclei of interest will be
populated in-flight, using nuclear and Coulomb excitation
reactions. Detailed spectroscopic information will be
deduced by c-ray, charged-particle and neutron spectros-
copy. The experimental techniques to be used can be
grouped together in relation to two different energy regimes.
Secondary fragmentation and single step Coulomb excita-
tion will be used at intermediate, E/A�100 MeV, energies.
Thick targets, of the order of several 100 mg/cm2, can be
used. Such experiments have been already performed at
RISING [9] (see Fig. 2). For example: Coulomb excitation
of 54,56,58Cr nuclei [10], providing BðE2; 2þ ! 0þÞ transition
strengths, gave information about the shell evolution
around N = 34; secondary fragmentation reactions were
used to test isospin symmetry at the drip line, by measuring
the 2þ excited state in 36Ca [11].

At Coulomb barrier energies thinner targets will be used,
and consequently higher beam intensities will re required.
Such experiments have not been performed at RISING
yet. The main difficulties arise from the need of tracking
of such low-energy beam particles. Tests were already per-
formed, and more planned, with the aim to gain experience
on tracking low-energy, high-emittance beams [12].

The schematic view of the HISPEC setup is shown in
Fig. 3. HISPEC will comprise beam tracking and identifi-
cation detectors placed before [13] and behind the second-
ary target, the AGATA Ge array, charged-particle
detectors, plungers, a magnetic spectrometer and other
ancillary detectors.

3.1. The AGATA spectrometer

The HISPEC set-up has at its core AGATA [14], the next
generation gamma-ray tracking array, with a resolving
power hugely exceeding the presently available Ge-arrays.
Advanced GAmma Tracking Array (AGATA) is designed
to be a 4p detector consisting of 180 germanium detectors.
Each detector crystal will be segmented 36 ways. Within each
detector pulse shape analysis will be used to determine the
interaction positions of the gamma rays to an accuracy of
2 mm. Tracking algorithms will be employed to reconstruct
the paths of gamma rays passing through the detectors.

The effect of ancillary detectors (charged particle arrays,
plunger) to be used in conjunction with AGATA has been
simulated. Special emphasis was given to the uncertainties
in energy, position and angle of the c-ray emitting particles.



Fig. 2. Photograph of the RISING array in its configuration used for fast beam experiments.

Fig. 3. Schematic illustration of the HISPEC experimental setup.
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The requirements with respect to the beam tracking detec-
tors have been determined [15,5], and this performance
can, in principle, be reached with existing technologies.

The AGATA demonstrator, consisting of five triple clus-
ter modules (15 Ge crystals) will start to operate in Legnaro
National Laboratories, Italy, in 2008. It is envisaged that
AGATA will be moved to the SIS-FRS facility in around
2011 for an early implementation physics programme
within the HISPEC project. It is expected that 45 detectors,
covering a solid angle of 1p will be available at that time.
They will be placed at a distance of �15 cm at forward
angles. The calculations predict a photopeak efficiency for
this 1p array of �15% for E/A = 100 MeV ðb ¼ 0:43Þ,
and an energy resolution better than 1%. In contrast, the
full peak efficiency of the 15 cluster detectors of the RIS-
ING array in its fast beam configuration [9] is 2.8% for a
1.3 MeV gamma ray emitted in-flight at E/A = 100 MeV.

The energy resolution is DE/E < 2%. This represents an
increase of a factor of �6 in efficiency compared with RIS-
ING in singles and even higher for coincidence spectros-
copy. It will enable highly selective cc-coincidences to be
measured in fragmentation reactions. The collaboration
will investigate if the 15 Cluster detectors should also be
used for specific experiments. These could be located at
backward angles to increase the efficiency, or mounted in
a stand alone frame downstream of the target.
3.2. Identification after the secondary target

For the identification of isotopes following different
types of reactions in the secondary target, versatile
charged-particle detector arrays with different geometries
must be constructed, including the potential of coupling
them with a magnetic spectrometer. The LYCCA array will
consist of DE–E telescopes and in addition it will measure
the time-of-flight between the reaction target and the array.
For TOF measurement three options are considered and
these are being tested, using: polycrystalline diamond, ultra
fast scintillators and Si detectors with fast electronics.
According to simulations, this system will allow the identi-
fication of ions up to a mass of A � 100. In contrast, the
present CATE array [16] is based on DE–E measurements
only. It allows for element determination through the DE

measurement. However, the mass of the ions cannot be
uniquely determined due to the uncertainties in the velocity
of the ions. These uncertainties arose from energy strag-
gling in the target and from the reaction mechanism itself.
The TOF measurement of LYCCA will overcome this
problem.

For heavier ions (A > 100) an additional momentum
dispersion Dp/p provided by a magnetic device is necessary
to achieve the desired mass resolution. The ionic charge
state distribution has also to be determined. The ultimate
solution is the combination of an ion-optic device provid-
ing A/q separation and possibly magnetic focusing in com-
bination with the LYCCA array comprising tracking- and
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DE/E detectors. The first part of the energy buncher [17,18]
will serve as high-resolution magnetic spectrometer.

3.3. Other HISPEC detectors

Several other detectors will be available to be used in
conjunction with AGATA. Plunger devices can be used
for lifetime measurements. The usual stopper foil will be
replaced by degrader foils to enable the detection of the
nuclei of interest downstream of the degrader foils in order
to clean the spectra of the strong background radiation.
Other possible detectors include novel scintillator detec-
tors, such as LaCl3(Ce) and LaBr3(Ce) for gamma-ray
detection, as well as Si detectors for prompt charged parti-
cle emission. For nuclear reaction studies at relatively low
energies (E/A = 10–50 MeV) the 4p HYbrid DEtector
array (HYDE) [19] is being developed for the detection
of charged particles.

4. From RISING to DESPEC

The radioactive ion beams can be stopped and their con-
sequent decay measured. These radioactive decays (a, b, c,
proton and neutron) will be measured and position-corre-
lated with implants. Key physics information such as par-
ticle decay branching ratios, half-lives, first excited states
and isomeric decays will be obtained. The technique is very
sensitive, the needed beam intensities are in the order of
10�5 � 103 ion/s.

Decay measurements have been performed with the
present RISING, with the detectors surrounding the target
in spherical symmetry (see Fig. 4). Both isomeric decay
experiments using passive stoppers (including magnetic
moment measurements [20]), and beta-decay experiments
Fig. 4. Photograph of the RISING array in its con
using active Si stopper have been performed. The photo-
peak efficiency of the RISING array in its stopped beam
configuration [21] is 10% at 1.3 MeV. Highlights include
the study of the structure of the r-process pass nucleus
130Cd by internal isomeric decay [22] and conversion elec-
tron spectroscopy in the N = 126 205Au nucleus [23].

The DESPEC setup [6] will comprise a Si based implan-
tation and decay detector, a compact Ge array, neutron
detectors, total absorption spectrometer, scintillation
detectors (BaF2, LaCl3(Ce), LaBr3(Ce)) and equipment
for moment measurements of long-lived states. A sche-
matic view of DESPEC setup is shown in Fig. 5.

The implantation and decay detector based on Si DSSD
technology will measure both the very high energies (GeV)
deposited by the radioactive ions as they stop in the DSSD
stack, and the subsequent decay events with MeV energies
for protons and alpha particles and an energy loss (DE) of a
few hundred keV in the case of b particles. This represents
an extremely large dynamic range and demands a very low
energy threshold, of the order of a few tens of keV. The low
threshold is particulary important in the case of internal
decay studies, through conversion electron detection. The
detector system will consist up to a maximum of eight
1 mm layers of Si, covering an area of 8 cm � 24 cm. Each
detector of size 8 cm � 24 cm will have 128 vertical and 128
horizontal strips. The high segmentation of the DSSDs
minimises the effects of random correlations between suc-
cessive implants and decays, and between implants and
the decay of long-lived activities.

High-resolution c-ray detectors will be positioned
around the implantation detector. A highly flexible and
modular c-ray detection array consisting of 24 stacks of
planar pixelated (or double-sided strip) Ge detectors is pro-
posed [24]. These modules can be arranged in different
figuration used for stopped beam experiments.



Fig. 5. Schematic illustration of the DESPEC experimental setup.

Fig. 6. Schematic view showing the possible positions of the HISPEC and
DESPEC experimental setups in the low energy cave.
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geometries optimised to the different types of experiments
envisaged at DESPEC. The high granularity of the Ge
detectors is important in order to assure high efficiency of
the array during the ”prompt flash” of radiation associated
with the implantation of high energy ions into the focal
plane catcher and thus to allow the study of decays with
very short lifetimes. In addition the granularity, combined
with tracking, might allows us to track the origin of the
detected c-ray [25]. This tracking allows us to associate
an implanted ion with its decay c-rays (excluding random
coincidences with background radiation produced
upstream) and, hence, enables long decay times to be stud-
ied at high implantation rates. In addition the position
information can be used to measure angular correlations
and polarizations.

Other detectors to be used within the DESPEC setup
include neutron detectors, a total absorbtion spectrometer
and fast scintillator detectors for lifetime measurements.
Neutron detectors are particularly important, considering
the research interest in the structure of nuclei with high
neutron excess. They are designed with the main aim to
detect b-delayed neutrons. The variety of the detectors to
be available in conjunction with the implantation/decay
and the c-ray detectors is a particular strength of the DES-
PEC setup.

5. The low energy branch and HISPEC and DESPEC

coupled together

The HISPEC and DESPEC setups will operate in the
low energy branch of the SuperFRS. A sketch of the layout
of the low energy cave is shown in Fig. 6. The layout is
dominated, due its size, by the energy buncher [17,18].
The energy buncher, consisting of four dipole magnets, a
mono-energetic degrader and focussing elements, will be
used to deliver relatively mono-energetic beams [26]. These
beams have the disadvantage of worse beam quality, man-
ifesting itself in higher angular and position spread. The
main applications of the mono-energetic beams are in
experiments where stopping them in a thin layer of matter,
such as a gas catcher, is vital. More importantly for HIS-
PEC and DESPEC the first part of the energy buncher,
with one dipole magnet, can serve as a high-resolution
magnetic spectrometer.

Recoil decay tagging is a powerful technique to study
the nuclear structure. It requires the detection of both the
prompt radiation at the reaction target and the delayed
decay at the final focal plane of the magnetic spectrometer.
Therefore, the HISPEC and DESPEC setups have to be
able to work together.

The HIPSEC setup can be positioned in two different
places (as shown in Fig. 6): (i) before the energy buncher
to receive beam directly from the SuperFRS; and (ii) after
the energy buncher, receiving mono-energetic beams. DES-
PEC can be positioned in three different places: (i) before
the energy buncher; (ii) after the energy buncher; and (iii)
after the magnetic spectrometer for recoil decay tagging
experiments.
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Abstract. The fragmentation of a 550 MeV/u primary beam of 58Ni on a 9Be target has been used
to measure time- and energy-correlated γ decays following the implantation of event-by-event discrimi-
nated secondary fragments into a 9Be stopper plate. A new isomeric γ decay with T1/2 = 14( 6

4 ) ns and
E

γ
= 646.2(2) keV is observed and attributed to the decay of the yrast 3/2− state in 53

27Co26. This short-
lived isomeric state has been populated by means of nuclear reactions during the stopping process of the
secondary fragments. The experimental findings are discussed in the framework of large-scale spherical shell
model calculations in conjunction with isospin symmetry-breaking residual interactions for the A = 53,
T

z
= ±1/2 mirror nuclei 53Co and 53Fe.

PACS. 21.60.Cs Shell model – 23.20.-g Electromagnetic transitions – 25.70.Mn Projectile and target
fragmentation – 27.40.+z 39 ≤ A ≤ 58

1 Introduction

Metastable or isomeric states have a long-standing history
in nuclear-structure research [1]. In fact, recent experimen-
tal developments have reached a level of detection sensi-
tivity to radiation associated with the decay from such
quantum levels which requires the production of less than
thousand nuclei of a certain isotope. Thereby, often the
first valuable fingerprints become visible for exotic nuclei
far from the line of β-stability [2–6].

Of particular interest are isomeric states near doubly
magic nuclei, because they efficiently probe the nuclear in-
teraction active at these cornerstones of the spherical shell

a e-mail: Dirk.Rudolph@nuclear.lu.se
b Present address: FZ Karlsruhe, D-76344 Eggenstein-

Leopoldshafen, Germany.
c Present address: RIKEN, Saitama 351-0198, Japan.

model —not only by means of precise excitation energies
of specific states but more importantly via dynamic and
static electromagnetic moments. The situation becomes
even more substantial when it is possible to compare and
relate the decay characteristics of isobaric analogue states
near self-conjugate doubly magic nuclei such as 40Ca or
56Ni. In this mass region, isospin symmetry-breaking ef-
fects can be investigated in great detail [7]. This is largely
owing to the confinement of the N = 3, “fp shell”, com-
bined with the option of reliable large-scale shell model
calculations in a spherical harmonic-oscillator basis in-
cluding well-established residual interactions [8–13].

First steps beyond basic studies of so-called mirror en-
ergy differences (MED), which refer to the difference of
excitation energies of isobaric analogue states as a func-
tion of the angular momentum, have been undertaken. For
example, lifetime measurements of specific Iπ = 27/2−

states in the A = 51, T
z

= ±1/2 nuclei 51
26Fe25 and 51

25Mn26
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established on an experimental basis isoscalar and isovec-
tor polarization charges near 56Ni by means of absolute
and relative E2 transition strenghts [14]. These results
have recently been confirmed in a study of 10+ “mirror
isomers” in the T

z
= ±1 system 54

28Ni26 —54
26Fe28 [15], while

an attempt using the more complex 2+ states of these two
nuclei proved less significant [16].

In the present study we show another test case, namely
3/2− states in the A = 53, T

z
= ±1/2 system comprising

53
27Co26 and 53

26Fe27 [17]. While the less exotic nuclide 53Fe
has been studied rather extensively by light ion transfer
and heavy-ion fusion-evaporation reactions [17,18], infor-
mation on 53Co is rather scarce. The mainly β-decaying
19/2− spin-gap isomer at E

x
= 3190 keV excitation energy

marks the first reported state with a direct proton decay
branch [19], but it took more than 30 years for an in-beam
γ-ray study to follow. And even so, only the yrast cascade
between the 7/2− ground state and an excited 17/2− state
at 4.1MeV could be established. Nevertheless, this allowed
for a profound MED study of the A = 53, T

z
= ±1/2 mir-

ror pair [20].
The experimental approach is outlined in the next sec-

tion, followed by a presentation of the experimental results
in sect. 3. The shell model calculations and the comparison
with the experimental data are the subject of sect. 4.

2 Experimental method

Rare isotopes can be efficiently produced by nuclear frag-
mentation of a stable heavy-ion beam at relativistic en-
ergies on relatively thick targets. Within the Rare Iso-
tope Spectroscopic INvestigations at GSI (RISING) cam-
paign [5,6], the nuclei of interest were produced by frag-
mentation of a 58Ni primary beam at 550MeV/u on
a 1 g/cm2 Be target. The beam was provided by the
UNILAC-SIS accelerator complex at the Gesellschaft für
Schwerionenforschung mbH (GSI), Darmstadt, Germany.
Due to the high kinetic energy all atomic electrons are
fully stripped off the primary beam ions, i.e. the charge
state Q = Z = 28 is being used. The reaction products
then enter the approximately 70m long FRagment Separa-
tor (FRS) [21] with energies of some 515MeV/u. A sketch
of the FRS and its detector set-up is provided in fig. 1. The
fragments, alike the beam particles, start with the charge
state Q = Z. Because of the relatively low proton num-
ber of the fragments in the present case, this maximum
charge state is held throughout the passage through the
FRS with a probability of essentially 100%.

The fragments pass a first magnetic dipole separation
stage of magnetic rigidity Bρ1 and arrive dispersed in mo-
mentum at the intermediate focus in an achromatic set-
ting of the FRS. The momentum spread is compensated
for by inducing differently matched energy losses, ∆E, in
the wedge degrader (cf. fig. 1). In addition, scintillator
SC1 provides energy loss signals and position information
in the dispersive plane, as well as a timing signal for a
time-of-flight measurement for all ions reaching the final
focal plane. In the second Bρ2 stage of the FRS the frag-
ments have kinetic energies of 300 to 320MeV/u, and the
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B
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Be−Target Wedge Degrader MW1 MW2 Degrader 105 Ge
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FRagmentFRagment

Fig. 1. Schematic drawing of the experimental set-up includ-
ing the various materials and detectors placed along the beam-
line. See text and refs. [21,23,24] for details.

typical flight time through the second half of the FRS is
approximately 190 ns. Scintillator SC2 provides not only
the second signal for the time-of-flight measurement and
energy loss and position information, but it also gives the
start signal for the RISING Ge-detector array to await
prompt and delayed γ radiation coming from those frag-
ments, which are implanted in a 4mm thick Be plate in
the center of the array.

Before finally coming to rest, the fragments i) have
passed through multiwire tracking detectors, MW1 and
MW2; ii) have given rise to a total of sixteen energy loss
signals in two multi-sampling ionisation chambers, MU-
SIC1 and MUSIC2; iii) have been slowed-down to some
70MeV/u in an aluminum degrader (to reduce disturbing
Bremsstrahlung produced in the stopper); and iv) have
been cross-checked for non-destruction via an energy loss
measurement in scintillator SC3. The last scintillator SC4
serves as implantation veto.

Invoking the complete and thus unequivocal identifi-
cation scheme of the FRS and its associated detector sys-
tems, a total of 8.2 million implanted A ∼ 50 nuclei have
been clearly discriminated by mass, A, and proton num-
ber, Z, during about 60 hours of beam time. The im-
planted beam cocktail comprised 51,52Fe (together 0.4%),
52,53Co (15.5 and 21.3%), and 53,54,55Ni (1.4, 58.6, and
2.8%).

The RISING germanium array itself consists of fifteen
high-efficiency CLUSTER germanium detectors [22], pro-
viding up front 105 germanium crystals for γ-ray detec-
tion, while four crystals were malfunctioning during the
experiment. Additionally, on average less than four of the
crystals were blinded for delayed nuclear radiation due
to the prompt Bremsstrahlung caused by the incoming
fragments. The 105 Ge-detector electronics channels were
split into two branches, one of which was read out by dig-
ital electronics. This branch provided γ-ray energy and
γ-ray time in steps of 25 ns with respect to the SC2 trig-
ger signal. The second branch saw a conventional tim-
ing sequence of fast signal amplification, constant fraction
discrimination, and time-to-digital converters. Here, the
timing resolution was down to less than 1 ns per digitized
spectrum channel. The data acquisition system was set
to wait for about 20µs after the SC2 trigger signal, then
reset itself in waiting position for the next incoming ion.
The events were stored in listmode type on computer hard
disks, comprising the encoded information of the FRS de-
tectors and time and energy of the correlated, prompt and
delayed γ rays. More information on the experiment and
the respective RISING set-up can be found in refs. [23–25].
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3 Experimental results

The present experimental setting was in principle sensi-
tive only to isomeric states in one of the seven implanted
N < Z nuclides mentioned in the previous section and
half-lives in the range of ∼ 100 ns < T1/2 < 50µs. The
upper half-life limit was chosen by the experimenters for
optimizing the set-up towards the main goal, namely spec-
troscopy of the 10+ isomer in 54Ni [15]. The lower limit,
however, is an estimate and depends on the number of nu-
clei produced in the isomeric state of interest with respect
to the flight time and, hence, the time period for isomeric
decay already inside the FRS. Another important quan-
tity, which can reduce the lower limit even further, is the
ratio with which the isomer decays by internal conversion
—since the fragments are bare nuclei, this decay mode is
turned off during the passage through the separator. Good
examples for this effect are isomeric states in 72Kr [0+

2 at
671(2) keV, T1/2 = 26(2) ns] [26], 74Kr [0+

2 at 509(1) keV,

T1/2 = 13(7) ns] [27,28,26], and 200Pt [7− and 12+ states,
T1/2 < 15 ns] [29].

There is yet another possibility for the study of (short-
lived) isomeric states, namely via the production by nu-
clear reactions of the incoming primary fragments along
the slowing-down path in the stopper material. For the
present experiment this implies a secondary 9Be stopper
“target” being subject to mainly 52,53Co and 54Ni sec-
ondary beams of some 50MeV/u down to essentially zero
energy, which is reached at some 2–3mm depth depend-
ing on the ion species. Assuming a generic nuclear-reaction
cross-section of 1 barn, this gives rise to some

8.2 · 106
·
0.25 cm · 1.85 g/cm3

9 g/mol
·
6 · 1023

mol
· 1 barn ∼ 250000

(1)
potential nuclear reactions and, consequently, nuclear-
reaction products. Compared with as little as about a
thousand implanted ions being necessary for isomeric γ
decay detection at RISING (see, e.g., refs. [2,4]), 250000
is clearly a substantial number. However, the observation
of such in situ populated isomeric states should likely be
limited to i) less exotic nuclides (since nuclear-reaction
channels with relatively large cross-sections take the nu-
clear system towards the line of stability), and ii) prod-
ucts close to the incoming fragments, because too violent
nuclear processes including the emission of possibly sev-
eral light particles or fragments could easily trigger the
SC4 veto detector and, hence, be disregarded in the of-
fline analysis.

Figure 2 provides three delayed γ-ray spectra corre-
lated with heavy ions implanted in the 9Be stopper. Note
the logarithmic scale. The top spectrum and the mid-
dle spectrum were taken in the time range from 0.1µs
to 1.0µs after implantation of 54Ni and combined 52,53Co
fragments, respectively. For reference, the bottom spec-
trum represents the radiation from long-lived background
sources. The latter is dominated by the positron annihi-
lation peak at 511 keV, the 40K peak at 1461 keV, and
shows several weaker peaks originating from natural tho-
rium and uranium decay chains. In addition, there is one
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Fig. 2. (Color online) Gamma-ray spectra correlated with im-
planted 54Ni (top and bottom) and 52,53Co ions (middle). The
top and middle spectra were taken between 0.1 and 1.0 µs after
implantation, the bottom spectrum between 15 and 16 µs after
implantation. The latter is downscaled by a factor of ten for
better visibility. Several peaks are marked with their energy
in keV, others with their source. Filled circles represent peaks
associated with the decay of the 10+ isomer in 54Ni [15] and
open circles denote pile-up of two of the 54Ni transitions in the
same or neighbouring Ge crystals. Plus signs label experiment
specific long-lived background activity, namely the decay of the
19/2− spin gap isomer in 53Fe [17].

experiment specific long-lived background source, namely
the 19/2− spin-gap isomer in 53Fe, which signs responsi-
ble for the peaks at 701, 1010, and 1328 keV, marked with
“+” in fig. 2. These peaks are also visible in the other two
spectra, unless they are covered by lines of different origin
with about the same γ-ray energy.

Next to the radiation due to neutron capture reactions
in the Ge crystals of the RISING spectrometer, the top
spectrum is, of course, dominated by the peaks associated
with the decay of the 10+ isomer in 54Ni [15] —these have
energies of 146, 451, 1227, 1327, and 1392 keV, and they
are marked with filled circles. The peaks marked with open
circles are also related to the 54Ni isomer; they refer to
the pile-up of two γ-rays hitting the same or neighbouring
Ge crystals, the signals of which were added together if
occuring within 50 ns.

Disregarding all peaks in fig. 2 related to (natural)
background or the 54Ni isomer, there are several peaks
left in both the 54Ni and the 52,53Co correlated spectrum,
namely at 136, (146), 411, 741, 1130, 1158, 1408, and
1830 keV. (Another peak at 3432 keV is out of the range
of fig. 2.) Interestingly, all these peaks relate to known
isomers in the mass region: the peaks at 136, 1158, and
1830 keV originate from the 19/2− isomer at 3123 keV ex-
citation energy in 43Sc [T1/2 = 470(4) ns] [30], the peaks

at 146 (doublet with 54Ni), 411, 1130, 1408, and 3432 keV
originate from the 10+ isomer at 6527 keV in 54Fe [T1/2 =
364(7) ns] [31], and the peak at 741 keV originates from the
3/2− state at 741 keV in 53Fe [T1/2 = 63.5(14) ns] [17].

Note that the three 43Sc related peaks have compara-
ble yields in the two spectra. On the contrary, the peaks
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Fig. 3. (Color online) Decay curve of the 741 keV γ-ray (53Fe)
following the implantation of 54Ni fragments in the stopper.
The data is histogrammed in bins of 12 ns per channel with
the grey area providing the experimental uncertainties. The
straight line represents a least-squares fit to the data.

from the 54Fe transitions are somewhat less intense and
the 53Fe 741 keV peak is much less intense in the middle,
cobalt-correlated spectrum compared with the top, nickel-
correlated spectrum. This points towards different nuclear
production types in the beryllium stopper for the Sc and
Fe isomers, respectively.

The above association of peaks in fig. 2 with isomers
in 43Sc and 53,54Fe can, of course, be cross-checked with
the time behaviour of the respective decay. As an exam-
ple, the decay curve of the 741 keV transition is shown
in fig. 3. It invokes the conventional RISING time branch
(cf. sect. 2), and the data is binned to 12 ns per channel.
A least-squares fitting procedure gives T1/2 = 61(8) ns
for this sample, which is in agreement with the above-
mentioned literature value. The peaks suggested to arise
from 43Sc and 54Fe can be proven to belong to these two
isotopes in a corresponding fashion.

It is also clear that the 53Fe isomer must have been
populated in the beryllium stopper, because neither can
missing atomic electrons prolong the lifetime, nor can any
significant amount of 53Fe produced in the primary tar-
get reach the stopper with such a short isomeric half-life
—not to mention that the setting of the FRS prohibited
transmission of 53Fe (and 54Fe as well as 43Sc) in the first
place, and that energy loss correlations in the MUSICs
and SC2 and SC3 (cf. fig. 1) ensure implantation of nickel
ions.

Figure 4 focuses on short-lived decays by providing γ-
ray spectra correlated with 52,53Co (panel (a)) and 54Ni
(panels (b) and (c)). While the spectra in figs. 4(a) and (b)
were taken between 40 ns and 120 ns after implantation,
panel (c) shows a spectrum measured during a some-
what later time window. The broad structures between
γ-ray energies of 550 to 630 keV and at about 700 keV
again relate to radiation from neutron capture reactions
in the Ge crystals. All spectra also reveal once more the
positron annihilation peak, and panels (b) and (c) com-
prise the 451 keV peak from the 6+

→ 4+ decay in 54Ni.
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Fig. 4. Gamma-ray spectra correlated with implanted 54Ni
(panels (b) and (c)) and 52,53Co ions (panel (a)). The top and
middle spectra were taken between 40 and 120 ns after im-
plantation, the bottom spectrum between 280 and 400 ns af-
ter implantation. Severeal peaks are marked with their energy
in keV. The peak at 511 keV relates to positron annihilation
(e+

e
−), and the broad structures between 550 and 630 keV and

at about 700 keV are due to radiation from neutron capture re-
actions in the Ge crystals.

The 411 keV peak from the 6+
→ 4+ decay in 54Fe be-

comes more apparent at later times (fig. 4(c)), while the
741 keV 3/2− → 7/2− decay in 53Fe is very pronounced
in fig. 4(b), simply because of the earlier time period com-
pared with the top spectrum in fig. 2. Some late remain-
ders of the 741 keV peak are present in fig. 4(c), while it
becomes obvious that the 3/2− isomer in 53Fe is produced
significantly less efficient with the cobalt ions than with
the 54Ni fragments by comparing figs. 4(a) and (b).

Most interestingly, however, there is one additional
peak visible at 646 keV in fig. 4(b). It has a similar yield
as the 741 keV line, and it is completely absent in both the
spectrum correlated with cobalt fragments as well as in the
one taken at slightly later times. The latter is an indication
for a rather short-lived isomer, while the former observa-
tion limits the isotopic origin to either Ni or Co isotopes
with N ∼ Z, i.e. most likely to 55,56Ni or 53,54,55Co. Any
lighter residue with Z ≤ 26 would have left a significant
signal at 646 keV in fig. 4(a), too. The massive production
of exotic N < Z isotopes with Z ≥ 27 is highly unlikely
because of the small reaction cross-sections involved. A
data base search [32] for a delayed γ-ray of 646(1) keV in
isotopes with 20 ≤ N , Z ≤ 32 turned out negative.

55Co has been studied extensively by means of several
different experimental approaches [33,34]. So far, no iso-
meric state has been observed in that nuclide, and due
to the shell gap at particle number N = Z = 28, ex-
cited states in 55

27Co are expected and observed first be-
yond 2MeV excitation energy. No signs of the respec-
tive ground-state transitions are seen in the present data.
Therefore, we exclude 55Co from the list of candidates.
Likewise, its mirror nucleus 55Ni is disregarded based on
isospin symmetry considerations. The low- to medium-
spin regimes of 54Co [31,34,35] and 56Ni [34,36–38] are
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Fig. 5. (Color online) Background-subtracted decay curve of
the previously unobserved 646 keV γ-ray following the implan-
tation of 54Ni fragments in the 9Be stopper. The data is his-
togrammed in bins of 1.5 ns per channel with the grey area
providing the experimental uncertainties. The straight line rep-
resents a least-squares fit to the data starting some 30 ns after
the nominal position of the prompt timing distribution.

also well known, and for reasons similar to the above,
also these two nuclei can be disregarded. Thus, the only
obvious candidate left is an isomeric state in 53

27Co26. In-
deed, the mirror nucleus 53

26Fe27 does have an isomeric state
at comparable excitation energy and half-life, namely the
3/2− state at 741 keV, which is readily observed in figs. 2
and 4, and which has been discussed above.

The decay curve of the 646 keV γ-ray is shown in fig. 5.
Due to its short half-life and hence close proximity to the
prompt timing peak, the half-life result contains a rather
large uncertainty (the least-squares fitting procedure dis-
played in fig. 5 starts some 30 ns beyond the position of the
prompt timing distribution). In conclusion, we attribute
the peak at 646.2(2) keV in fig. 4(b) to the decay of an iso-
meric Iπ = 3/2− state in 53Co, situated at 646.2(2) keV
excitation energy and with a half-life of T1/2 = 14( 6

4 ) ns.
These experimental characteristics are close to the ones of
the isobaric analogue state in 53Fe [17].

4 Shell model calculations and discussion

Spherical large-scale shell model calculations were perfor-
med with the code ANTOINE [39]. The full fp space is
considered including the 1f7/2 shell below and the 2p3/2,
1f5/2, and 2p1/2 shells above the N = Z = 28 shell clo-
sure. Nevertheless, the model space has to be truncated
allowing a certain number, t, of particles (protons or neu-
trons) to be excited across the shell closure. Here, a max-
imum t = 7 is chosen to compromise between available
computing power and sufficient convergence of the calcu-
lated numbers. Both the KB3G [11] and GXPF1A [12,
13] effective interactions have been employed, the predic-
tions of which are generally very reliable for mass A ∼ 50
nuclei [8–10,40].

The evolution of the predicted excitation energies of
a number of A = 53, T

z
= ±1/2 low- to medium-spin
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Fig. 6. Results of shell-model calculations for low-spin states
in the mass A = 53 nuclei 53Co and 53Fe. The left-hand side
of panel (a) illustrates the evolution of excitation energies as
a function of the number of particles allowed in the upper
fp shell, t, for the KB3G [11] fp shell effective interaction.
The t = 7 predictions using the alternative GXPF1A interac-
tion [13] are included on the right-hand side, surrounded by the
respective experimentally known states of the two isobars [17,
20]. Panel (b) illustrates the occupation numbers of the 3/2−

yrast state. The plot for the f7/2 shell concerns the number of
particles missing with respect to the originally thirteen parti-
cles relative to 40Ca. The plot denoted by p3/2 (π, ν) represents
the occupation number of only the respective unpaired proton
(53Co) or unpaired neutron (53Fe).
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Fig. 7. Comparison of the excitation energies of experimen-
tal low-spin states in the mass A = 53 nuclei 53Co and 53Fe
with predictions from isospin-dependent shell model calcula-
tions (t = 7) based on the KB3G effective interaction.

states as a function of t is illustrated on the left-hand
side of fig. 6(a). An increased t induces in general more
correlation energy, but the strongly downsloping excita-
tion energies of the predicted 1/2− and 3/2− low-spin
states are apparently much more affected compared with
the 9/2− → 7/2− yrast cascade, because the relative en-
ergy between these two states remains essentially con-
stant. The 9/2− state, which has been discussed in earlier
mass A = 53 investigations [18,20], is included in figs. 6
and 7 as reference.

The enhanced correlations as a function of t find their
counterpart in the reduced single-particle character of the
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predicted wave functions of the yrast 3/2− (2p3/2) state:
the 2p3/2 single-particle partition to the wave function of

the 3/2− state drops from 54% (t = 3) to 34% (t = 7)
using KB3G. Figure 6(b) provides the average occupation
numbers of the 3/2− state. In line with the above, increas-
ing t increases the average number of proton and neutron
holes in the 1f7/2 shell as well as the average number of
protons and neutrons in the 2p3/2 and 1f5/2 shells —the

latter even more pronounced. The 2p1/2 shell occupancy

does not see any significant change. It is worth mentioning
that the occupation number of the unpaired proton (53Co)
or unpaired neutron (53Fe), which is denoted p3/2(π, ν) in
fig. 6(b), remains essentially constant at about unity. This
implies that the correlations are inferred by excitations
across the shell gap at N,Z = 28 into the 1f5/2 shell or

excitations of the respective other nuclear fluid into the
2p3/2 shell, i.e., the neutrons in case of 53Co and the pro-

tons in case of 53Fe.
Towards the right-hand side of fig. 6 the predictions

of a t = 7 calculation using the GXPF1A interaction
are shown, and in general the results are similar to the
predictions based on the KB3G interaction, in particular
the calculated energies of the low-spin states. One pecu-
liarity, however, is that the wave function of the yrast
3/2− state predicted by GXPF1A has only about half
the 1f5/2 occupation of the prediction using the KB3G
interaction, which is balanced by an on average increased
2p3/2 occupancy and a slightly reduced number of holes in
the 1f7/2 shell. Moreover, the predicted excitation energy

of the yrare 3/2−2 state (E
x

= 1852 keV) differs signifi-

cantly from the t = 7 prediction of the KB3G interaction

(E
x

= 2446 keV), while the experimentally known state

in 53Fe is situated roughly in between (E
x

= 2043 keV).
Such details appear interesting, but they are difficult to
trace back to individual two-body matrix-elements or the
slightly different single-particle energies of the two effec-
tive interactions. Hence, a more thorough theoretical in-
vestigation is required.

To study the mirror symmetry of isobaric analogue

states in 53Fe and 53Co in more detail, isospin-breaking
terms have been incorporated along the notations of
refs. [7,9,10]. Multipole harmonic-oscillator Coulomb ma-
trix elements, V

CM
, the monopole electromagnetic spin-

orbit interaction, V
Cls

, and monopole radial effects have
been added to both the bare GXPF1A and KB3G inter-
actions following the prescription of ref. [10]. The ma-
trix element of the effective interaction for two protons
in the 1f7/2 orbital coupled to J = 2 has been increased

by 100 keV. This isospin-breaking term, usually denoted
V

BM
, has been deduced by Zuker et al. [7] from the MED

in mass A = 42. It showed to be essential to success-
fully reproduce the MED of several mirror pairs in the
mass region [7,9,15,20,41]. To describe the electromag-
netic decay properties, effective charges of e

eff,p
= 1.15

and e
eff,n

= 0.80 taken from ref. [14] are used and re-
lated to predictions with the standard plain isoscalar val-
ues e

eff,p
= 1.5 and e

eff,n
= 0.5 [8]. Magnetic properties

are described with free gyromagnetic factors.

Table 1. Mirror energy differences, E
x
(53Co) − E

x
(53Fe), for

the excited yrast 3/2− and 9/2− states. The calculated num-
bers are based on the given interactions but involve isospin-
breaking components. See text for details.

Level, I
π 3/2− 9/2−

Experiment present [20] −95 keV −1 keV

Theory KB3G [11] −147 keV 8 keV

GXPF1A [13] −130 keV 1 keV

The results of the isospin-dependent t = 7 calculations
based on the KB3G interaction are illustrated in fig. 7.
Tables 1 and 2 provide a summary for both the KB3G and
GXPF1A interactions. The left-hand side of fig. 7 depicts
the comparison of observed and predicted energy levels for
53Fe, while the right-hand side shows the results for 53Co.
For reference, the results based on the bare interaction (cf.
fig. 6) are repeated in the central part of the figure.

In the case of the yrast 9/2− state the net effect
of including isospin-breaking components in the inter-
action is close to zero; the predicted excitation ener-
gies change very little, and the related MED values, i.e.,
E

x
(53Co)−E

x
(53Fe), are small and in nearly perfect agree-

ment with experiment and in line with the discussions in
ref. [20]. The actual numbers are summarized in the right-
most column of table 1, and the fact that the MED are
small points towards a similar overall structure of the 7/2−

ground state and the excited 9/2− state. A closer look at
the calculated wave functions of these two states reveals
that on average about the same number of protons and
neutrons are predicted to be excited across the shell gap
for both A = 53 nuclei.

The situation is at variance for the 3/2− low-spin yrast
state. Here, the wave functions are predicted to comprise
distinctively different amounts of protons and neutrons in
the ℓ = 1 p-orbits of the upper fp shell (cf. fig. 6(b)). These
protons are less bound and thus easier to excite, and the
related energy differences of these excitations lead to large
negative MED values for in particular the 3/2− states.
The large negative MED prediction is in good agreement
with the rather large experimental MED = −95 keV for
the 3/2− yrast states. However, including the isospin-
breaking components in the shell model calculations, the
agreement between experiment and theory on the abso-
lute excitation energy scale is worsened for the presumed
single-particle–like 3/2− yrast states (cf. fig. 7). For ex-
ample, the predicted energy of the 3/2− yrast state for
the isospin-symmetric calculation, E

x
= 718 keV is in

line with both the 3/2− state in 53Fe (E
x

= 741 keV,
∆E = |E

x,th
−E

x,exp
| = 23 keV) and 53Co (E

x
= 646 keV,

∆E = 72 keV). However, including the isospin-breaking
terms as described above, the predicted excitation ener-
gies drop to E

x
= 640 keV (∆E = 101 keV) for 53Fe and

E
x

= 493 keV for 53Co (∆E = 153 keV), respectively.
The predicted and measured half-lives of some ob-

served low- to medium-spin states in the A = 53 nuclei
are summarized in table 2. A very good quantitative agree-
ment is achieved for the 11/2− → 9/2− → 7/2− yrast cas-
cades, and the half-life predictions turn out to be rather
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Table 2. Experimental half-lives of experimentally observed states compared to predictions from isospin-dependent fp shell
model calculations and using the experimental transition energies for the A = 53, T

z
= ±1/2 mirror pair.

53Fe 53Co

Exp [17] KB3G GXPF1A Exp KB3G GXPF1A

State C1a C2b C1 C2 C1 C2 C1 C2

1/2− 2.0(2) ns 1.8 ns 1.8 ns 4.3 ns 4.3 ns

3/2− 63.5(14) ns 7.8 ns 13 ns 11 ns 25 ns 14( 6
4 ) ns 7.6 ns 5.1 ns 7.9 ns 5.0 ns

5/2− 2.8(7) ps 6.0 ps 6.1 ps 4.7 ps 4.8 ps

7/2−

2 1.4( 21
7 ) 1.6 ps 1.6 ps 1.7 ps 1.6 ps

9/2− 17(7) fs 24 fs 23 fs 28 fs 27 fs 22 fs 23 fs 25 fs 25 fs

11/2− 53(12) fs 29 fs 28 fs 40 fs 39 fs 27 fs 27 fs 30 fs 31 fs
a

C1 uses effective charges of eeff,p = 1.15 and eeff,n = 0.80 [14].
b

C2 uses effective charges of eeff,p = 1.5 and eeff,n = 0.5 [8].

independent of the effective charges and effective interac-
tion used. For the yrast 1/2− and 5/2− as well as the yrare
7/2−2 states in 53Fe the agreement is still good.

The crux, however, lies in the predicted half-lives of
the yrast 3/2− states. Despite their presumed simplicity
of being dominated by 2p3/2 single-particle components,

their half-lives are predicted a factor of 3–8 (53Fe) and 2–3
(53Co) too short, i.e., the calculated transition rates are
too fast. Typically, transition rates are calculated too low
because of the lack of the correlations across shell gaps,
but in the present case the opposite holds true. There-
fore, going to larger values of t > 7 or a full fp calcu-
lation will not solve the problem. Moreover, the predic-
tions using the effective charges of ref. [14] are worse than
the ones neglecting isovector contributions, at variance to
other mirror systems in the mass region. This discrepancy
becomes most apparent when looking at the comparison
of the ratio of the experimental half-lives, which ranges
from R[T1/2(

53Fe)/T1/2(
53Co)] ∼ 3.1–6.5, to the ratio of

predicted half-lives, which is close to unity for the calcu-
lations with e

eff,p
= 1.15 and e

eff,n
= 0.80. It is only

the calculation using the GXPF1A interaction and plain
isoscalar effective charges, for which the ratio R = 5.0
falls into the experimental ballpark —nevertheless, it is
off by almost a factor of three on the absolute scale for
both mirror partners. Therefore, a local adjustment of ef-
fective charges does not seem to solve the puzzle either,
and the answer is considered to rather lie in the nature of
the predicted wave functions.

For example, both proton and neutron single-particle
energies may be lowered to potentially achieve purer 3/2−

states, or a detailed modification of the interaction may
be necessary on some decisive two-body matrix elements.
While this is considered a purely theoretical prescription
beyond the scope of the present work, it should be pointed
out that this discrepancy of the decay properties of both

3/2− yrast states in the A = 53, T
z

= ±1/2 mirror pair is
highly unusual considering the overall excellent agreement
of large-scale shell model calculations achieved in this
mass regime —with or without invoking isospin-breaking
terms.

5 Summary

To summarize, short-lived isomeric states have been ob-
served following secondary nuclear reactions of neutron-
deficient radioactive A ∼ 50 fragment beams in a
9Be stopper plate positioned inside the RISING γ-ray
spectrometer. A previously unreported delayed γ-ray
of 646.2(2) keV with an associated half-life of T1/2 =
14( 6

4 ) ns was observed and attributed to the decay of the
3/2− yrast state of 53Co. Isospin-dependent large-scale
shell model calculations agree well with the relative en-
ergies of the reported and new isobaric analogue states
of the A = 53, T

z
= ±1/2 mirror pair. While this type

of predictions is commonly in excellent agreement with
experimental observations in the upper half of the 1f7/2

shell, both the calculated absolute energies and, more im-
portantly, the decay strengths of the yrast 3/2− states in
53Co and 53Fe deviate considerably from the experimental
values. Given the presumed simplicity of this state, this
comes as a surprise. On the theoretical side, this calls for
a more detailed tracing of the residual interactions and
single-particle energies, while experiment may aim at a
better definition of the 3/2− states in both the A = 53
and A = 55 mirror pairs.
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The γ decays from an isomeric 10+ state at 6457 keV in the nucleus 54
28Ni26 have been identified using the GSI

fragment separator in conjunction with the RISING Ge-detector array. The state is interpreted as the isobaric
analog of the 6527-keV 10+ isomer in 54

26Fe28. The results are discussed in terms of isospin-dependent shell-model
calculations. Clear evidence is presented for a discrete � = 5 proton decay branch into the first excited 9/2− state
of the daughter 53Co. This decay is the first of its kind observed following projectile fragmentation reactions.

DOI: 10.1103/PhysRevC.78.021301 PACS number(s): 23.20.−g, 23.50.+z, 25.70.Mn, 27.40.+z

A central topic in contemporary nuclear structure physics
is the investigation of exotic nuclear matter far from the line of
β stability. Long-standing questions are “Where are the proton
and neutron drip lines situated?” and “How does the nuclear
force depend on varying proton-to-neutron ratios?” [1]. These
issues can be addressed by investigating long isotopic chains:
The magic Z = 28 nickel chain covers four potentially doubly-
magic nuclides, namely, with N = 20, N = 28, N = 40, and
N = 50. Indeed, 48Ni is found to denote the proton dripline [2],
while measurements on 78Ni provide crucial information on
the astrophysical rapid neutron capture process [3]. As with
68Ni [4], the self-conjugate N = Z nucleus 56Ni shows distinct
features of a soft doubly-magic core, becoming strongly
deformed at modest excitation energies and angular momenta.
Furthermore, a rotational state at ∼10 MeV excitation energy
in 56Ni revealed a fast, discrete proton decay branch [5,6].

Another evergreen of nuclear structure studies along the
N = Z line is isospin symmetry or, more precisely, the
breaking of isospin symmetry due to the Coulomb force as well
as, possibly, some components of the strong nucleon-nucleon
interaction [7]. Here, the so-called “J = 2 anomaly” must
be mentioned: It relates to unusual mirror energy differences
(MED) in excited states, the wave functions of which are
thought to be dominated by spin J = 2, isospin T = 1
couplings [7–9]. During the past decade, the prime region for
such investigations has been the rather well-confined N = 3,

*Present address: FZ Karlsruhe
†Present address: RIKEN

“fp shell” reaching from 40Ca toward 80Zr while passing 56Ni.
Related work has been summarized recently [10–12].

This rapid communication provides new experimental
results on the Tz = −1 nucleus 54Ni, hence addressing both the
dripline and the isospin symmetry breaking aspects indicated
above. The existence of an isomeric 10+ state in 54Fe has
been known for decades [13], and thus an isobaric analog
state is expected to exist in 54Ni. Besides basic studies of
MED, its observation bears the potential of isospin symmetry
studies of electromagnetic moments and decay properties, for
example, an independent check on the recently established
isoscalar and isovector polarization charges near 56Ni [14] and
a possible extension to E4 transitions. Previous knowledge
on 54Ni includes the yrast 6+ → 4+ → 2+ → 0+ ground-
state cascade established via in-beam γ -ray spectroscopy [9]
and measurements of B(E2; 2+ → 0+) = 122(24) e2fm4 by
relativistic Coulomb excitation experiments [15,16].

Within the Rare Isotope Spectroscopic INvestigations at
GSI (RISING) campaign, the nuclei of interest were produced
by fragmentation of a 58Ni primary beam at 550 MeV/u on
a 1 g/cm2 9Be target. Subsequently, the reaction products
were selected by means of a Bρ − �E − Bρ technique in the
FRagment Separator (FRS) [17]. The ion-by-ion identification
in terms of mass, A, and proton number, Z, of each transmitted
ion is performed uniquely with a suite of scintillator and
ionization detectors placed at the intermediate and final focus
of the FRS. The identified secondary ions, namely, 51,52Fe
(0.4%), 52,53Co (15.5 and 21.3%), and 53,54,55Ni (1.4, 58.6,
and 2.8%), finally came to rest in a 4 mm thick Be plate after
some 350 ns flight time through the FRS. The Be plate was

0556-2813/2008/78(2)/021301(5) 021301-1 ©2008 The American Physical Society
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FIG. 1. γ -ray spectra associated with im-
planted 54Ni ions. Part (a) shows a spectrum
requiring a complete ion identification. It was
taken between 0.2 and 0.8 µs after implantation.
Implantation-correlated background radiation is
removed with correspondingly selected spectra
of other implanted ions, namely, 53,55Ni and
52,53Co, which do not show any delayed γ rays
in this time range. Room and long-lived β-decay
background is subtracted with a spectrum taken
between 19.0 and 19.6 µs after implantation.
Parts (b) and (c) provide spectra in coincidence
with the known yrast cascade [9] in 54Ni and the
new 3386-keV, 10+ → 6+ E4 transition.

surrounded by fifteen high-efficiency CLUSTER Ge detectors
[18] for γ -ray detection. Each ion arriving at the final focus
started a clock and subsequent γ decays from isomeric states
were recorded for 20 µs before the data acquisition system
reset itself. More details on the experiment and the RISING

setup can be found in Refs. [19,20].
During 60 h of beam time and employing a very restrictive

and stringent heavy-ion identification procedure on the FRS
data, some 4.8 million implanted 54Ni nuclei have been
identified. Figure 1(a) provides the associated time-correlated
and background subtracted γ -ray spectrum. It reveals seven
delayed γ -ray transitions at 146.1(2), 451.0(3), 1227.4(4),
1327.3(4), 1392.3(4), 3240.7(7), and 3386.2(9) keV. The latter
is highlighted in the inset, and the single-escape line of the
3241 keV transition is also present. The 451-, 1227-, and
1392-keV lines are known to belong to 54Ni [9]. The 146-
and 3241-keV transitions are very similar in energy to the
10+ → 8+ → 6+ sequence in the mirror nucleus 54Fe, and the
3386-keV line represents a parallel 5.1(11)% 10+ → 6+E4
branch. The branching ratio is corrected for possible pileup
of the 146- and 3241-keV transitions in the same Ge detector.
This scheme is underpinned by the γ -ray spectra in Figs. 1(b)
and 1(c), which are based on delayed γ γ coincidences. Both
the time range and the FRS identification scheme are somewhat
relaxed to allow for increased statistics. The spectrum in
Fig. 1(b) is taken in prompt coincidence with the known
ground-state cascade and confirms the placement of the 146-,
3241-, and 3386-keV transitions on top of it. Figure 1(c) is the
coincidence spectrum of the weak 3386-keV line, proving that
it lies parallel to the 146- to 3241-keV cascade.

The peak at 1327 keV, which is clearly seen in Fig. 1(a), is
absent in both Figs. 1(b) and 1(c); i.e., it is not in coincidence
with any other γ -ray transition associated with the decay
of the presumed 10+ isomer in 54Ni. Nevertheless, within
uncertainties the 1327-keV line exhibits the same half-life as
the 54Ni transitions. This is shown in Fig. 2, which provides
three scaled decay curves of the previously reported transitions
in 54Ni (top), the new high-energetic ones (middle), and the
1327-keV line (bottom). The conclusion is that the single γ

ray at 1327 keV must have the same isomeric origin as the

other six transitions. Because 1327 keV matches exactly the
prompt 9/2− → 7/2− ground-state γ transition in 53Co [8], a
discrete 1.28(5)-MeV, � = 5 proton decay from the isomeric
10+ state in 54Ni into the excited 9/2− state in the daughter
53Co is inferred. This marks the first evidence for discrete
proton emission competing with γ radiation following a
projectile fragmentation reaction. The evidence is indirect,
because both the present setup and the implantation depth
of 54Ni ions in the stopper together with the short half-life
prevent a direct measurement of the protons. Historically, this
observation takes proton decay studies back to its roots, as
the first reported proton decay ever was observed from the
long-lived 19/2− high-spin state in 53Co [21,22]. The existence
of the present type of discrete proton decay opens a plethora
of subsequent, unprecedented investigations: isospin aspects
of static moments and, ultimately, proton angular distributions
from an aligned state with known quadrupole moment.

The lifetime of the 10+ state in 54Ni averages to T1/2 =
152(4) ns. The experimental information is summarized in
Table I and illustrated in Fig. 3.
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FIG. 2. (Color online) Decay curves of different combinations of
γ -ray transitions associated with the isomeric 10+ state in 54Ni. The
lines represent the least-squares fits to the data.
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TABLE I. Experimental results and theoretical predictions from isospin-dependent
fp shell-model calculations. The experimental numbers of 54Ni are corrected for the
measured 36(2)% proton branch. B(E2) and B(E4) values are in W.u.

Observable 54Fe 54Ni

exp [13] KB3G exp KB3G exp’a

B(E2; 6+ → 4+) 3.25(5) 2.85 – 2.29 –
B(E2; 10+ → 8+)b 1.69(4) 2.03 2.48(7) 2.06 1.98(6)
B(E4; 10+ → 6+) 0.79(8) 1.30 5.7(13) 4.66 4.6(10)
brγ+e− (10+ → 6+) 1.8(2) 2.4 5.1(11) 5.0 5.1(11)
T1/2(10+)γ+e− (ns) 364(7) 303 237(6) 286 296(8)
Q(10+) (efm2) 52(8)c 55.6 – 58.5 –
µ(10+)(µN

2) 7.281(10) 6.82 – 4.24 –

aAssuming an additional proton-decay branch, brp2, into the ground state of 53Co with
brγ+e− : brp1 : brp2 = 64(2) : 36(2) : 25.
bIncluding conversion coefficients of αtot = 0.115(4) and αtot = 0.135(4) for 54Fe and
54Ni, respectively [23].
cUsing the revised Q(3/2−) of 57Fe as outlined in Ref. [24].

Spherical large-scale shell-model calculations were per-
formed with the code ANTOINE [25,26]. They employ the
full fp space, but the model space needs to be truncated
to allow for excitations of up to t = 6 particles across the
shell closure at N = Z = 28. This is a compromise between
available computing power and sufficient convergence of
the calculated numbers for near-spherical yrast states in the
mass region [10–12,27]. The KB3G [28] and GXPF1A [29]
interactions are studied, and for the main body of predictions
isospin breaking terms are included.

Following the notations of Refs. [7,10,11], multipole
harmonic-oscillator Coulomb matrix elements, VCM, and the
monopole electromagnetic spin-orbit effect, VCls, are readily

53Co + p

54 Ni 54Fe

=
 6

t

de
ca

y

pr
ot

on
 

theory

K
B

3G

FIG. 3. Decay scheme of the 10+ isomer in 54Ni deduced from
the present work. The relevant decays of the mirror nucleus 54Fe [13]
are shown for comparison. On the right-hand side, level energies
from isospin-symmetric A = 54, T = 1 shell-model calculations are
shown. See text for details.

included. To account for other monopole related shifts of
single-particle energy levels the prescription of Ref. [11] (VCr)
is followed. Finally, charge-asymmetric components of the
strong nucleon-nucleon interaction are included. A repulsive
100-keV term, VBM−2, was introduced for the 1f7/2

2, J = 2
two-proton matrix element by Zuker et al. [6] to account for
an anomalous MED value of the 2+ states in the A = 42
mirror pair. The use of VBM−2 has been shown to improve
the MED description of nuclei throughout the entire 1f7/2

shell [8–10]. Electromagnetic decay properties are calculated
with the E2 effective charges of e

p

eff = 1.15 and en
eff = 0.80

derived in Ref. [14], while for B(E4) strengths the values [12]
e
p

eff = 1.5 and en
eff = 0.5 are used as a starting point [30].

Figure 3 compares the energy levels of the KB3G inter-
action with the experimental cascade in 54Ni (and 54Fe). The
known 1f7/2

−2 dominated 0+, 2+, 4+, 6+ yrast cascade [9] is
well described. However, some deficiencies of the interaction
become apparent for the core-excited 8+ and 10+ states: the
energy gap is predicted somewhat too large, and the two states
are inverted, though still within the typical predictive power
for level energies [10,12].

Figure 4 provides the experimental MED diagram for the
Tz = ±1, A = 54 system (black dots) and the predictions
using the KB3G interaction. Though differing in details,
predictions using the GXPF1A interaction do yield essentially
the same picture. The calculations without any nuclear isospin
breaking component (dotted line) fail to reproduce the MED of
the 2+ states. While this is expected [7,9], also the MED values
of the 8+ and 10+ states are being missed. In turn, the MED
predictions including VBM−2 (solid black line) are in nearly
perfect agreement with the experimental values; i.e., they
account for the above-mentioned MED discrepancies at both
spin I = 2 and spins I = 8 and I = 10. A similar effect on
MED values might be achieved by instead using an attractive
100-keV term, VBM−0, for the 1f7/2

2, J = 0 two-proton matrix
element. In fact, the calculation using the VBM−0 term (solid
grey line) also improves on the MED of the 2+, 8+, and 10+
states. However, the predictions for the intermediate spin I = 4
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FIG. 4. (Color online) Mirror energy difference, Ex(54Ni) −
Ex(54Fe), as a function of spin. Solid circles denote the experimental
values. The dotted line accounts only for Coulomb related isospin
breaking terms [11], while the solid black and grey lines include the
VBM−2 [7] and VBM−0 terms, based on the KB3G interaction. The
long- and short-dashed lines provide the difference between 54Fe and
54Ni of T = 1 proton pairs, �pp , coupled to either J = 2 or J = 0,
respectively.

and I = 6 states are significantly worsened; i.e., VBM−0 seems
to be able to improve the MED predictions locally, while
VBM−2 appears to act globally.

To study the influence of these two nuclear isospin
breaking terms in some more detail, Fig. 4 provides also
the difference of the number of two-proton J = 0 pairs [thin
dashed lines, �pp(J = 0)] and J = 2 pairs [thin long-dashed
lines, �pp(J = 2)] between 54Fe and 54Ni as a function of
angular momentum. In the case of �pp(J = 0), the curve
trivially drops exactly once between I = 0 and I = 2, but
then remains essentially constant. On the contrary, �pp(J = 2)
peaks at I = 2 and once more at I = 8 and I = 10, which is
nicely correlated with the respective global reproduction of the
experimental MED with shell-model calculations accounting
for the VBM−2 term. This presents the first clear evidence that
the non-Coulomb isospin-breaking component has its origin
in the J = 2 coupling, rather than J = 0, of 1f7/2 particles.

Experimental and predicted electromagnetic decay proper-
ties are compared in Table I. Excellent agreement is achieved,
with two exceptions: the B(E4) strength in 54Fe and its related
E4 branch, and the lifetime of the isomer itself in 54Ni. The

latter discrepancy becomes more obvious when comparing
the ratios of the lifetime predictions, R = 1.06, with the
experimental values, R = 1.53(5). This rather significant
mismatch could be cured by an additional ∼25% proton
branch into the ground state of 53Co, to which the present
experiment is insensitive. The right-most column of Table I
includes this correction. Indeed, simple WKB estimates
provide similar tunneling probabilities for a 1.28-MeV, � = 5
proton into the 9/2− state in 53Co and a 2.61-MeV, � = 7
proton into the ground state of 53Co [31]; the structural
hindrance factors are on the order of 106, which remain to
be explained by tiny 1h11/2 or 1j13/2 proton partitions in the
wave function of the 10+ state in 54Ni.

The possible existence of a second proton branch prevents
a dedicated analysis of E4 polarization charges along the
scheme developed in Ref. [14], because an absolute number
for the 10+ → 6+ transition in 54Ni is missing. Nevertheless,
using the extremes the ratio of the B(E4) values in 54Fe and
54Ni is limited to R ∼ 0.10–0.25, which requires negative
isovector E4 polarization charges. The best agreement for the
(corrected) experimental data is achieved with eeff,p(E4) ∼
1.35 and eeff,n(E4) ∼ 0.25.

In summary, the 10+ mirror isomer in 54Ni has been
identified. Its electromagnetic decay characteristics provide
new constraints on large-scale fp shell-model calculations
in conjunction with isospin symmetry. It is shown that the
MED values for the 2+, 8+, and 10+ states can be associated
with the isospin symmetry breaking J = 2, T = 1 interaction.
Evidence is presented for a distinct direct proton decay
branch into the excited 9/2− state in 53Co, and a significant
discrepancy of the experimental and predicted half-life of the
isomer points to an additional proton branch into the ground
state of 53Co.
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Single-particle behavior at N = 126: Isomeric decays in neutron-rich 204Pt
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The four proton-hole nucleus 204Pt was populated in the fragmentation of an E/A = 1 GeV 208Pb beam. The
yrast structure of 204Pt has been observed up to angular momentum I = 10h̄ by detecting delayed γ -ray transitions
originating from metastable states. These long-lived excited states have been identified to have spin-parities of
Iπ = (10+), (7−), and (5−) and half-lives of T1/2 = 146(14) ns, 55(3) µs, and 5.5(7) µs, respectively. The
structure of the magic N = 126 204Pt nucleus is discussed and understood in terms of the spherical shell model.
The data suggest a revision of the two-body interaction for N = 126, Z < 82, which determines the evolution
of nuclear structure toward the r-process waiting point nuclei.

DOI: 10.1103/PhysRevC.78.061302 PACS number(s): 23.20.Lv, 21.10.Pc, 27.80.+w, 29.30.Kv

The evolution of the properties of atomic nuclei with respect
to neutron and proton numbers is a key question of nuclear
physics. The study of unstable, neutron-rich nuclei represents
one of the foremost pursuits of modern nuclear physics. Over
the coming decade new radioactive ion beam facilities are
being built with the main objectives being to probe neutron-
rich nuclei. Within recent years surprising phenomena have
been observed in neutron-rich nuclei such as neutron skins,
halos, and dramatic changes in the ordering and spacing of
energy levels [1].

While the stability of the N = 82 shell gap is an active
topic of research [2,3], an open question is whether or not

*s.steer@surrey.ac.uk

there is a quenching of the N = 126 shell gap as protons
are removed from doubly magic 208Pb. The proton dripline
has been experimentally reached up to heavy elements [4],
our present knowledge of the neutron dripline is limited
to light species. The part of the nuclear chart with the
least information on neutron-rich nuclei is the 76Os to 82Pb
region, with experimental knowledge on only a few isotopes.
This mass region is, however, an ideal testing ground of
nuclear theories. With the removal of just a few protons and
neutrons the landscape evolves from spherical to elongated
prolate through disk-shaped oblate and triaxial forms [5].
Consequently the information gained on neutron-rich, N =
126 nuclei is essential for the understanding of nuclear
structure in heavy nuclei. From a longer-term perspective,
experiments in this region pave the way toward the proposed
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nuclear-astrophysical r-process waiting point nuclei along the
N = 126 shell closure [6,7]. Studies of magic nuclei are
of fundamental importance in our understanding of nuclear
structure because they allow direct tests of the purity of
shell model wave functions. Information on the single particle
energies and two-body residual interactions can be derived
from the experimental observables such as energies of the
excited states and transition probabilities.

Experimental information on the neutron-rich, N = 126
nuclei is very scarce. Information has been obtained on excited
states for only two isotones with Z < 82: 207Tl [8] and
206Hg [9–11]. In the case of 205Au only the ground state
is known [12]. The lack of information on nuclei “below”
208Pb is due to difficulties in populating these neutron-
rich nuclei. Fragmentation has proven to be an efficient
tool in producing exotic nuclear species. When projectile
fragmentation is combined with high-sensitivity γ -detection
arrays, structural information can be gained for otherwise
inaccessible nuclei. The highest sensitivity is achieved with
both isomeric and β-delayed γ -ray spectroscopy techniques;
delayed γ rays are time-correlated with individually identified
ions, thereby minimizing the associated background radiation.
Information on the excited states populated in this way can be
obtained when producing only a few hundred nuclei of interest
[13,14].

In this Rapid Communication the first spectroscopic infor-
mation on the structure of the four proton-hole nucleus 204Pt
is presented. Preliminary results were published in conference
proceedings [15,16].

The SIS-18 accelerator at GSI provided a 208Pb beam
at E/A = 1 GeV. The average beam intensity was ∼4 ×
108 ion/s and the total operating time was ∼105 h. The 208Pb
ions impinged on a target of 9Be of thickness 2.5 g/cm2. The
nuclei of interest were selected and identified in flight by the
FRagment Separator (FRS) [17]. The FRS was operated in
standard achromatic mode using an Al wedge-shaped degrader
of thickness 4.9 g/cm2, positioned at the intermediate focal
plane. To maximize the number of fully stripped (q = Z)
nuclei passing through the FRS, niobium foils of 221 and
108 mg/cm2 thicknesses were, respectively, placed after both
the target and the intermediate focal plane degrader. According
to the charge state calculations (using the GLOBAL code [18]),
93.7% of the 204Pt ions were fully stripped exiting the target
and 76.6% were stripped after the intermediate focal plane.
The identified ions were slowed in an Al degrader and halted
in a 7-mm-thick plastic stopper, positioned at the final focal
plane of the FRS. Scintillation detectors placed before and
after this Al degrader allowed suppression of events where
the fragments of interest were destroyed in the slowing down
process (≈18%) and in cases where they did not implant in the
stopper (≈0.2%). The stopper was surrounded by the RISING
array in the “Stopped Beam” configuration [19,20], consisting
of 15 former EUROBALL HPGe cluster detectors [21]. The
photopeak efficiency of this array was measured to be 15%
at 661 keV [22]. These detectors recorded the delayed γ -ray
transitions associated with the implanted nuclei.

The identification of the fragments is demonstrated in
Fig. 1. The calibration of the particle identification is confirmed
by the detection of previously identified γ rays that follow

FIG. 1. (Color online) Identification of the fragmentation prod-
ucts in the FRS setting optimized for 203Ir transmission. (a) Energy
loss at the final focal plane vs change in magnetic rigidity, �Bρ(∝
q2), at the intermediate focal plane. This distinguishes which nuclei
change charge state in the middle of the FRS (approximately
all �q = 0 correspond to q = Z for the entire FRS flight time).
(b) Position in the final focal plane versus A/q for fully stripped
(�q = 0) nuclei.

the deexcitation of the Iπ = 7− isomer in 202Pt [23,24]. The
identification process is described in more detail in Ref. [25].

The results for 204Pt were obtained from four different
magnetic rigidity settings of the FRS. A total of 9.3 × 104 204Pt
ions was implanted in the stopper. Most of the data, ∼70%
(in 24 h), were recorded in a setting optimized for the
transmission of 203Ir. In this setting the delayed γ rays were
measured over a range of 0 → 80 µs following implantation.
In the other settings, the γ rays were detected over a range of
0 → 380 µs.

Delayed γ rays associated with 204Pt nuclei are shown in
Fig. 2. In the sub-microsecond regime three γ -ray transitions
with energies of 97, 1061, and 1158 keV, together with
characteristic platinum x rays have been identified, all showing
similar decay characteristics. The measured half-life is T1/2 =
146(14) ns; see inset to Fig. 2 (top). Two additional γ rays
with energies 872 and 1123 keV have been observed over a
longer time range, see Fig. 2 (middle). However, their decay
curve cannot be fitted with a single decay component. Two
components must be considered, resulting in one half-life of
T1/2 = 5.5(7) µs, populated by a higher lying isomer with a
longer half-life of T1/2 = 55(3) µs.
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FIG. 2. (Color online) γ -ray spectra associated with 204Pt. (Top)
γ rays detected between 50 and 850 ns after implantation. (Inset)
Decay curve of 1061 and 1158 keV γ rays. (Middle) γ rays observed
between 2.5 and 80 µs after implantation. (Inset) Decay curve of
the 872 and 1123 keV γ rays. (Bottom) Time-differentiated γ γ

coincidence. Shown are γ rays detected from 2.5 to 380 µs following
implantation, after a T1/2 = 146 ns associated γ ray (97, 1061, 1158
keV) has been observed over the range 50 to 850 ns. (Inset) Time
difference between detection of T1/2 = 146 ns associated γ rays and
the later observed 872 and 1123 keV transitions.

The sum energy of the 97 and 1061 keV transitions is
equal to that of the third transition (1158 keV). Therefore it is
likely that they form a parallel branch. Considering that the 97
and 1061 keV transitions should have identical intensity after
allowing for electron conversion of the transition branches, we
conclude that the 97 keV transition is of E2 or M1 character.
The 872 and 1123 keV γ -ray peaks have equal intensities
within experimental uncertainties. The data allow the ex-
traction of coincidence relationships. The 97 and 1061 keV
transitions, as well the 872 and 1123 keV pair, are in mutual
coincidence. The spectrum in Fig. 2 (bottom) shows the
transitions following the decay out of the short-lived isomer
(gating on 97, 1061, and 1158 keV), together with the time
difference between the transitions associated with the shorter
lived and longer lived isomeric states. This demonstrates
that the shorter lived (T1/2 = 146 ns) isomer decays into
both of the longer lived ones. This is in agreement with the
extracted relative population at the time of implantation of
the isomeric states: 1:4.5:1.4 for T1/2 = 146 ns, 55 µs, and
5.5 µs, respectively. The implantation rate of 204Pt nuclei is
0.4 nuclei/s; thus the number of chance coincidences in Fig. 2
(bottom) is negligible.

Based on these experimental data the level scheme has
been constructed and has been compared with the two proton-
hole N = 126 isotone 206Hg in Fig. 3. It is established from
experiment, except the tentative spin assignments and also the
sequence of the 97, 1061 keV and the 872, 1123 keV pairs
of transitions, which are respectively taken from comparison
with 206Hg and theoretical considerations.

FIG. 3. Experimental and calculated partial level schemes of
the N = 126 204Pt and 206Hg [9] nuclei. Arrow widths denote
relative intensities of parallel decay branches. The dominant state
configurations are indicated. (a) and (d) are calculations using the
Rydsrtöm matrix elements, while (b) and (c) are with the modified
ones, as described in the text.

Shell model calculations have been performed in the
s1/2, d3/2, h11/2, d5/2, g7/2

208Pb proton-hole space with the
OXBASH code using single particle energies from 207Tl and
two-body matrix elements (TBME) from Ref. [26]. These
are based on the Kuo-Herling interaction including core
polarization, but the decisive elements for the then known
2+ and 5− states of 206Hg had been adjusted. The resulting
states and their main configurations are included in Fig. 3. The

2+ and 5− states in 206Hg are trivially well reproduced, but
also the 8+ and 10+ fit well, while the 7− is off by 100 keV.

In 204Pt the highest lying 146 ns isomer is without any
doubt assigned to the calculated (h11/2)−210+ level and also
the 8+ and 7− states populated in its decay are certain. The
two other lifetimes measured in 204Pt give the proposed spin
sequence (moving upward) of 5−, 7−, and an unobserved 4+,
while the calculations give 7− below 5− and a 4+ state below
both, incompatible with experiment. By this proposal the 7−
to 5−E2 transition has the astonishingly large T1/2 = 55 µs,
and the 5.5 µs is ascribed to the 5− to 2+ E3. If the 4+
is below the 5− the possible E1 decay would destroy the
isomerism and if the 7− is below the 5− it could only decay
by a much slower low-energy E3 to 4+ or by E5 to 2+. The
B(E2, 10+ → 8+) and B(E3, 10+ → 7−) agree within errors
with those measured in 206Hg [9].

The 872 and 1123 keV γ rays are assigned as the decays
from the 5− isomeric state. It is expected that the 2+ energy
of 204Pt, with a predominantly (d3/2)−2 orbital configuration,
is smaller than that of 206Hg, with a mainly (d3/2)−1(s1/2)−1
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TABLE I. Transition strengths for experiment, the Rydström
[26] shell model (SM), and the new TBMEs (SMmod) (see text) in
204Pt. Effective charges of 1.5 and 2.0 e for E2 and E3, respectively,
were assumed, which were chosen to reproduce the 206Hg 10+ →
8+E2 and 10+ → 7−E3 transitions [9].

Transition EL B(EL) (W.u.)

Exp. SM SMmod

10+ → 8+ E2 0.80(8) 2.64 1.22
10+ → 7− E3 0.19(3) 0.21 0.22
7− → 5− E2 0.017 → 0.0034a 1.21 0.0037
5− → 2+ E3 0.039(5) 0.713 0.612

aAssuming a transition energy between 10 → 78 keV.

configuration. It is lower by about 200 keV, taking into
account differences in single particle ((s1/2)−1 vs (d3/2)−1)
and interaction ((d3/2)−2 vs (s1/2)−1(d3/2)−1) energies. This
suggests that the energy of the first excited state is
872 keV. The E3 5− → 2+ transition proceeds mainly from
the dominant (s1/2)−1(h11/2)−1 component of the 5− state to
the weak admixture of the (s1/2)−1(d5/2)−1 configuration in the
predominantly (d3/2)−2 state. The experimental E3 transition
strength is weak (see Table I).

The transition linking the proposed 7− and 5− isomeric
states was not observed in the present experiment. The lack
of K x rays associated with the long-lived decay suggests a
transition energy below the binding energy of the K electron
(78.4 keV).

In light of the new 204Pt and updated 206Hg data [9]
the Rydström interaction [26] was modified in three points:
(i) the (d3/2h11/2)7− TBME was increased by +135 keV as
requested by 206Hg; (ii) the (s1/2d5/2) monopole was increased
by +250 keV, which accounts for the 4+ level energy
and the increased blocking of the h11/2 ⊗ 3− coupling
lowering the effective d5/2 single hole energy; (iii) following
a systematic search of the influence of nondiagonal TBME
on the E2 strength evolution from 206Hg to 204Pt the
(s1/2h11/2; d3/2h11/2)6− TBME was changed to +160 keV,
close to the value for the responding 5− TBME. With these
minor modifications, the observed excited states within both
206Hg and 204Pt are well reproduced, including the ordering
of the 5−, 7−, and 4+ states (see Fig. 3). The calculated
E2 and E3 strengths with the exception of the 5− → 2+E3
agree with experiment (see Table I). The latter discrepancy
is common to both 206Hg and 204Pt and most likely due to

the 2+ wave function, which in a pure proton model space
is poorly described. Note that E3 transitions are mediated
by the h11/2 → d5/2 conversion, i.e., the weak d5/2 content
in the wave functions, and any further components such
as, e.g., N = 126 cross shell excitations, will reduce this
contribution in low-spin states. These revised shell model
calculations reproduce the measured magnetic and quadrupole
moments of the 5− isomer in 206Hg: µ(5−)the = 5.24 µN with
gs = 0.7gfree, µ(5−)exp = 5.45(5) µN [11], Q(5−)the = 0.57
eb, Q(5−)exp = 0.65(13) eb [10].

It is thus found that small modifications to the two-body
interaction, though not unambiguous, significantly improve the
description of levels and γ transition rates in 204Pt. Recently
new approaches to infer realistic nucleon-nucleon interactions
were made, based on the renormalized G matrix [27,28]
and the Vlow−k potential [29]. Further investigations, both
experimental and theoretical, are needed to understand the
nuclear structure evolution of the N ∼ 126 region toward the
anticipated r-process waiting nuclei at Z � 72.

In summary, we have identified excited states in the
four proton-hole nucleus 204Pt. The yrast sequence has
been established up to spin-parity Iπ = (10+), through the
observation of decays from three isomers. The character of the
excited states can be understood in terms of the shell model,
although to get a consistent description of the experimental
level scheme the accepted set of matrix elements has been
modified to account for the changing intrinsic shell structure
affecting the isomer configuration. The persistence of the
isomeric structure, the related transition strengths, and their
reproduction in a pure proton space strongly support an
unquenched N = 126 gap. Due to the crucial role of the πh11/2

orbit in both allowed and first forbidden β decay of νh9/2

and νi13/2 neutrons, respectively [7,30], this study paves the
way for examining nuclear structure as both the anticipated
pathways for the astrophysical r-process and candidate nuclei
for shell quenching are approached.
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This paper outlines some of the physics opportunities available with the GSI RISING
active stopper and presents preliminary results from an experiment aimed at performing
beta-delayed gamma-ray spectroscopic studies in heavy-neutron-rich nuclei produced
following the projectile fragmentation of a 1 GeV per nucleon 208Pb primary beam.
The energy response of the silicon active stopping detector for both heavy secondary
fragments and beta-particles is demonstrated and preliminary results on the decays of
neutron-rich Tantalum (Ta) to Tungsten (W) isotopes are presented as examples of
the potential of this technique to allow new structural studies in hitherto experimen-
tally unreachable heavy, neutron-rich nuclei. The resulting spectral information inferred
from excited states in the tungsten daughter nuclei are compared with results from ax-
ially symmetric Hartree–Fock calculations of the nuclear shape and suggest a change in
ground state structure for the N= 116 isotone 190W compared to the lighter isotopes of
this element.

1. Introduction

The structure of nuclei with exotic proton-to-neutron ratios is at the forefront of
current nuclear physics research. In particular, the use of high-energy beams of
radioactive nuclei produced following relativistic projectile fragmentation and/or
fission reactions allows the production and synthesis of hitherto unreachable nuclei
in the outer regions of the Segré chart.1

By utilizing magnetic separators such as the Fragment Separator (FRS) at GSI,2

specific nuclei of interest can be distinguished from the vast plethora of other sec-
ondary products from such reactions and cleanly transmitted to a final focus, where
spectral studies may be performed. Such studies using gamma-ray spectroscopy in-
clude decays from isomeric states in exotic nuclei3–13 and/or (b) decay studies
following alpha and/or beta-decay of the exotic nucleus.

This paper focusses on the first results using the Stopped RISING Active Stop-
per which allows correlations to be made between the exotic heavy-ions produced by
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relativistic fragmentation/fission reactions and their subsequent beta-decays. This
in turn allows beta-delayed spectroscopy to be performed in the daughter nucleus,
representing, in some cases, the first spectral information in such systems.

2. The Stopped RISING Gamma-Ray Setup

The RISING gamma-ray array14 consists of fifteen, high efficiency seven-element
germanium cluster detectors. These detectors can be placed in a number of dif-
ferent geometries to allow inter-alia studies of “fast” fragmentation beams15 and
decay studies16,17 using a close, compact set-up. The latter represents the “Stopped
RISING” set-up10,11,13,16,17 which is the focus of the current paper. In the Stopped-
Beam configuration, the RISING detectors are placed in three rings of 5 cluster-
detectors, providing a photo-peak efficiency for decay studies using fragmentation
beams of ∼15% at 662 keV.16,17

2.1. The RISING active stopper

Figure 1 shows a schematic of the experimental set-up for the active stopper mea-
surements using the RISING gamma-ray array.

The RISING Active Stopper consists of a series of Double Sided Silicon Strip
Detectors (DSSSDs) and is made up of (up to) 6 DSSSDs, each with 16 horizontal
and vertical strips respectively, giving 256 pixels per DSSSD. Each DSSSD was 5 cm
by 5 cm in overall dimension and 1 mm thick. The DSSSDs were used to determine
both the energy and position of the (a) implanted secondary fragment of interest
directly from the projectile fragmentation reaction and (b) beta-particle(s) following
the subsequent radioactive decay(s) of the often highly exotic nucleus of interest

Fig. 1. Schematic of the detector configuration at the final focus of the GSI Fragment Separator
for the current work. Note that only three of the possible six positions (black boxes) in the
active stopper were occupied by DSSSDs in this particular experiment. MW = MultiWire position
detectors; Sci=plastic scintillator detectors. The number “4” corresponds to the detectors being
placed at the final focus, (i.e. after the 4th dipole magnet) GSI Fragments Separator. The secondary
beam would be moving products from left to right on this schematic.
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Fig. 2. Photograph of the bare DSSSDs used in the RISING active stopper in their holder with the
light-tight outer box removed. (Note this was not the final geometry used for the three DSSSDs
in the current work.)

Fig. 3. Photograph of the DSSSDs in-situ at the centre of the RISING array in its Stopped Beam
configuration. The active stopper is housed in the light tight box in the middle of the opened
array.

and its daughter decays. The ultimate aim of the device is to correlate beta-decay
events with specific exotic radioactive mother nuclei on an event-by-event basis.
Figures 2 and 3 show photographs of the bare DSSSDs and their position within a
light-tight box placed in the middle of the RISING array.

The technical difficulty with such measurements is that the dynamic range
for the measurement of secondary reaction products and β-particles are orders-
of-magnitude apart (i.e. ∼many GeV for the implanted fragment kinetic energies
and ∼200 keV → a few MeV for the β-particles. This issue was addressed in the cur-
rent work by the utilization of a pre-amplifier for the DSSSD energy signals, which
was linear in the low-energy response range, followed by a logarithmic response at
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higher gains. Semi-logarithmic preamplifiers were used, providing linear amplifica-
tion up to 10 MeV and logarithmic amplification for the 10 MeV → 3 GeV range.
The linear part allowed for both measurements of β (and in principle also, the spec-
troscopy of the charged particle decay) and was calibrated using an open, internal
conversion electron 207Bi source, yielding an energy resolution of FWHM = 20 keV
and a minimum detection threshold of approximately 200 keV. The logarithmic part
of the DSSSD output range allowed for the determination of the implantation posi-
tion in an individual pixel (i.e. the pixel with maximum energy output compared to
its neighbors) and was calibrated for energy response using a pulser. Scintillation
detectors were placed both in front of and behind the catcher, allowing the off-line
suppression of the majority of fragments which were destroyed in the slowing down
process. Further details on the response of the semi-logarithmic pre-amplifier can
be found in a forthcoming paper.18

3. Experimental Details, Data Analysis and Results

The experiment used to commission the RISING Active Stopper used a 208Pb
primary beam accelerated using the SIS-18 synchrotron at GSI to an energy of
1 GeV per nucleon and impinging on a 2.5 g/cm2 thick Be target. The secondary
products of interest were transmitted through the FRS and particle identification
made on an event-by-event basis using the standard magnetic rigidity, time-of-
flight, energy loss and position measurements (details of the particle identification
procedure can be found in Refs. 5, 13, 19). A number of FRS settings were selected
to maximize the transmission of a range of nuclei and the FRS was operated in
achromatic mode in order to spread out the area of implantation of ions at the final
focus thus reducing the ion-implantation rate per DSSSD pixel. This paper shows
results from 2 settings, one centered on 188Ta and the other on 190Ta. Typical
primary beam currents were 108 and 109 particles per beam spill for the 188Ta
and 190Ta settings respectively. The typical beam spill length was approximately 1
second with a period of approximately 15 → 20 seconds.

3.1. Particle identification procedure

The nuclei of specific interest in this experiment were the neutron-rich Hf → Os
nuclei with A∼190. The study of heavy and exotic neutron-rich species can be
hindered in such experiments by the presence of non-fully stripped ions (i.e., Q �= Z)
which are transmitted through the FRS in parallel with fully stripped ions. A
prescription to (largely) eliminate this so-called A

Q anomaly is outlined in Ref. 19
and uses the effective energy loss in the passive energy degrader placed at the central
focus of the FRS to determine changes in charge state for ions as they pass through
the first and second halves of the GSI fragment separator. Figure 4 shows the effect
of plotting the energy loss of the ions as measured through a pair of Multi-Sampling
Ionization Chambers (or “MUSIC”) at the final focus of the FRS (see Fig. 1) versus
the derived energy loss of the ions from their difference in magnetic rigidity through
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Fig. 4. Plot of ionic energy loss in the MUSIC detectors versus the derived energy loss in the
passive degrader in the middle of the FRS for ions in the current experiment. Note the ions are
separated into three distinct loci related to the change in charge state through the FRS. By far
the most likely scenario for no change in charge state are those ions which are fully stripped
(i.e. Q = Z) through both sections of the FRS.

the first and second halves of the FRS. This energy loss can be inferred from the
measured time-of-flight of the ions in the second half of the FRS and the calculated
time-of-flight of the ions in the first half of the separator.

Once the procedure outlined above had been applied to the events and (pre-
dominantly) fully-stripped ions with ionic charge, Q equal to Ze (where Z is the
atomic number and e is the fundamental electronic charge) selected, a final, particle
identification could be made for each ion on an event-by-event basis. This was made
essentially using the measured time-of-flight of the ions as they passed through the
second part of the FRS and known magnetic rigidity (Bρ) of the FRS dipole mag-
nets, to calculate a value of mass over charge ( A

Q=Z ) for each ion. This quantity
could then be correlated with the ion’s energy loss (∆E) as the ion passed through
the MUSIC detectors, which is dependent on the atomic number Z. The responses
of the detectors to specific values of A

Q and Z for given velocities was determined
following pre-experiment calibrations using the 208Pb primary beam and could thus
be applied to the final experimental data to provide calibrated measurements of the

A
Q=Z and Z values for each transmitted ion on an event-by-event basis by measuring
their times-of-flight and energy losses respectively. Figure 5 shows a particle iden-
tification matrix from the current experimental work with a sum of two settings
focussed on ions of 188Ta and 190Ta.
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Fig. 5. Final particle identification plot for fully-stripped (i.e., ∆Q = 0) ions following the frag-
mentation of a 1 GeV per nucleon 208Pb beam. The data shown here are the sum of two FRS
magnet settings centered on the transmission of ions of 188Ta and 190Ta respectively.

3.2. Decays from isomeric states

Decays from isomeric states in secondary beam particles which were transmitted
through the FRS were observed in the RISING gamma-ray array. Since the gamma-
ray transition energies and their decay lifetimes are characteristic of specific nuclei,
these decays can be correlated with specific ions and used as an internal check and
calibration of the particle identification procedure. Figure 6 shows gamma-ray spec-
tra and their associated decay time profiles for previously reported7 isomeric states
in 188Ta, 190W and 192,193Re which were observed in the current work. (Aside: We
note in passing the apparent lack of evidence for the previously reported4,7 591 keV
transition in the isomeric decay of 190W. This is discussed further elsewhere20,21).

3.3. Beta-delayed spectroscopy of secondary fragments

Figure 7 shows the energy spectrum of ions and beta-particles taken from the sum
of silicon strips in the three DSSSDs in the current work. Note that the use of the
Mesytec ‘semi-logarithmic’ preamplifier allows the responses for both the heavy-ion
implantation (i.e., the high energy implant) and beta-particle (low-energy decay)
to be made using the same electronic channel. This allowed a clean identification
pixel by pixel of the position of the implanted ion of interest which could then be
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Fig. 8. Beta-delayed gamma-ray spectra from the current work showing transitions in 188W and
190W following the correlated β− decay of 188Ta and 190Ta ions respectively. The insets show the
measured time difference spectra between the radioactive tantalum implants and their subsequent
β− decays in the same or directly neighboring pixel in the DSSSDs.

correlated with subsequent β− decay events (i.e., low-energy events measured in the
DSSSDs) in the same and directly neighboring pixels. By investigating temporally-
correlated β− − γ events with prompt gamma-ray coincidences between the β−

particle and γ rays measured in the Stopped RISING array, nuclide specific, β−-
delayed gamma-ray spectra could be obtained providing spectral information on
the daughter nuclei of the primary radioactive implants.

Figure 8 shows the gamma-ray spectra in coincidence with β− particles follow-
ing decays from the 188Ta and 190Ta mother nuclei (i.e., gamma-ray transitions in
the daughter 188W and 190W respectively). The spectra showing the gamma rays
correlated with the 188Ta → 188W decays clearly identify transitions at energies of
143, 297 and 434 keV respectively. These transitions have been previously reported
as decays from the yrast states in 188W with spin/parities of 2+, 4+ and 6+ re-
spectively as observed from in-beam studies using deep-inelastic22 and two-neutron
transfer reactions.23 Transitions from states with spins greater than 6� reported in
Ref. 23 are not observed in the present work which is populated following β− decay.

Similarly, the β−-correlated decays of transitions in 190W in the current work
show the previously reported4,7 transitions at 207 and 357 keV. Note that the
same transitions are also observed in the isomeric population of this nucleus in the
current work (see Fig. 6(a)), however the 485 and 694 keV transitions identified in
the isomeric decay are not observed in the β−-delayed feeding of this nucleus in
the present work. On this basis and their relative intensities, the 207 and 357 keV
transitions are thus established as the decays from the yrast 2+ and 4+ states in
190W respectively.
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4. Discussion of Preliminary Results

The energy systematics of the low-lying excited states in heavy nuclei can be used
as a first insight into the structural properties of such nuclei. In cases such as the
present work when the nuclei of interest are at the limits of experimental acces-
sibility, it is often only the energy systematics which can be measured and used
to obtain and extend global systematics of nuclear structure over long chains of
proton and neutron number. Figure 9 shows the energy systematics of a wide chain
of W and Os isotopes including the data from the current work on 190W. Both the
increasing energy of the yrast 2+ energy and the parallel reduction in the energy
ratio between the yrast 4+ and 2+ states is indicative of a reduction in collectivity
as the neutron number of these elements approaches the N=126 closed shell.

The ratio of the 4+ to 2+ energies in 190W has been the subject of some discus-
sion in the literature with Os and W nuclei around A∼190 → 194 being proposed as
possible candidates for weakly-deformed oblate shapes.4,24–27 Possible evidence for
such a sudden change from well-deformed, prolate ground-state shapes to weakly-
deformed oblate shapes might be evidenced by discontinuities in the energy system-
atics of such nuclei. Such spectral information can be obtained using the β−-delayed
spectroscopic technique outlined above.

Figure 10 shows Hartree–Fock calculations assuming axial symmetry for
neutron-rich W and Os nuclei around A∼190. The prolate-oblate minima are pre-
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current work. The deformation parameter, β2 is inferred from the empirical relation proposed by
Raman.28
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Fig. 10. Hartree–Fock calculations (assuming axially symmetry) of the ground state energy of
188,190,192W and 192Os a function of quadrupole deformation, β2. For more details, see Ref. 24.

dicted to be competitive in this region with them being almost equal in energy for
190W with the calculations suggesting that the oblate minimum becomes favored
for the N= 118 isotone 192W. The estimate for the quadrupole deformation, β2,
inferred from the empirically derived relation with the energy of the first 2+ state
by Raman et al.,28 is consistent with the magnitude of the deformation predicted
for the preferred minimum in the calculations shown in Fig. 10.

5. Summary and Future Work

In summary, the RISING active stopper has been used for gamma-ray spectro-
scopic measurements following the correlated beta-decays of heavy neutron-rich
nuclei in the Hf → Os region for the first time. The measurements demonstrate
the power of the decay spectroscopy techniques when applied to the projectile
fragmentation mechanism for the production and selection of nuclear species with
very exotic proton-to-neutron ratios. The first data allowing correlated gamma-ray
spectroscopic measurements following the beta-decay of the neutron-rich 188,190Ta
isotopes into their W daughter nuclei highlights the effectiveness of the RISING
“Active stopper” in such studies. Similar measurements have been made from the
same data set on previously reported29,30 decays from 192Re and 198Ir and the



January 23, 2009 12:6 WSPC/INSTRUCTION FILE 01171

First Results with the RISING Active Stopper 19

current data have also been used to establish the beta-decay of 194Re for the first
time,31 with the expected gamma-ray transitions in the 194Os daughter nucleus32

have been clearly identified. The spin/parities populated in the daughter nuclei can
then be used with the measured lifetime of the decay to deduce the Fτ value for
that particular β− decay. This can be used with the standard β− decay selection
rules to infer the spin/parity of the mother nucleus which can also be used to infer
information on the shape (i.e. prolate or oblate) of the mother nucleus.33

The active stopper can also be used to measure decays from long-lived
(T 1

2
∼seconds) states which decay with significant internal conversion branches.

Discrete-line internal conversion energy data have been observed in the same ex-
periment34 discussed in this paper from the internal decay between the proposed
11
2

− and 3
2

+ states in the N =126 isotone 205Au with the particle identification of
this nucleus confirmed using the observation of the previously reported35 γ rays
observed in the daughter nucleus following the β− decay of the 205Au ground state.
Other subsequent measurements using the active stopper for beta-delayed mea-
surements of fragmentation products of 238U primary beams have also been carried
out. Together with the present work this technique expands the regime of nuclei
available for spectral study and is of particular significance for heavy neutron-rich
nuclei approaching the rapid-neutron process paths around N∼126.
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a b s t r a c t

An active stopper for the RISING project at GSI has been developed for b-decay studies and conversion

electron spectroscopy following projectile fragmentation/fission reactions. This system employs six

double-sided silicon strip detectors in the final focal plane of the GSI FRagment Separator (FRS) to detect

both the fragment implantations and their subsequent charged-particle (a;b, p) decays. The wide range

of energy response required (150 keV up to several GeVs) was covered by the use of a logarithmic

preamplifier. Measurements with a 207Bi conversion electron source yielded an energy resolution of

20 keV at electron energies of �1 MeV and a detection threshold of 150 keV. The response to the

implantation of 400 AMeV 136Xe ions in the active stopper is also discussed in the present paper.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

A new beta counting system has been developed for the RISING
(Rare Isotope Spectroscopic INvestigation at GSI) project [1] to
study the b-decay of exotic nuclei produced by projectile
fragmentation and in-flight fission. The system employs up to
six Micron Semiconductor Ltd. [2] Model W1(DS)-1000 DC
coupled double-sided silicon strip detectors (DSSSD) with thick-
ness of 1 mm to detect both fragment implantations and their
subsequent b-decays. While this detector thickness provides an
efficient implantation of heavy ions, the range of the b-particles
emitted by the nuclear decays is usually significantly larger than
1 mm of silicon. This fact results in the probable escape of the
particles from the DSSSD before they deposit their full kinetic
energy. The deposited energy depends on the path of the electron
in the silicon and therefore on the implantation depth. Fig. 1 (left)
shows the simulated energy spectrum of the electrons emitted by
the b-decay and detected by the DSSSD. A Fermi–Curie initial
electron energy distribution with Qb ¼ 5 MeV was assumed.
For different Qb-values the simulated energy distribution only
ll rights reserved.

elerator Centre, New Delhi
changes on the high-energetic side. The Monte-Carlo simulations
were performed using the GEANT4 simulation toolkit [3] with the
‘GEANT4 Low Energy Electromagnetic Physics’ package [4]. Two
cases of the implantation were considered: uniformly distributed
and exact central implantation. In the later case the minimum
distance to the surface is 0.5 mm, which corresponds to the
minimum energy of 0.1 MeV that the electrons deposit in the
crystal. This fact highlights the importance of achieving the low-
energy threshold at 0.1 MeV as well as the importance of the
accurate central implantation. Fig. 1 (right) shows the efficiency to
detect b-particles in the 1 mm thick DSSSD as a function of the
low-energy threshold for the two considered implantation
scenarios. The efficiency is clearly high for a low detection
threshold.

The array of six DSSSDs can be used in different configurations.
The most common is to use three detectors positioned in two
rows, one behind the other, at the final focal plane of the
FRagment Separator (FRS) [5] which is used for the selection and
identification of the radioactive nuclei. Each detector consists of
16 front strips and 16 back strips, each of width 3 mm, thus
providing 256 3� 3 mm2 pixels on a 5�5 cm2 detector to encode
x–y positions. A variable thickness aluminium degrader is used
just in front of the DSSSD array to slow down the ions such that
they are implanted in the active stopper at the centre of the
stopped RISING germanium array [1]. Implantation and b-decay

www.elsevier.com/locate/nima
dx.doi.org/10.1016/j.nima.2008.08.155
mailto:rakuiuac@gmail.com
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events are directly correlated within each pixel of the detector,
which requires accurate knowledge of the implantation position.
The half-life of the nucleus is deduced from the time correlation
between the implantation time of the identified fragments in the
active catcher and the subsequent b-decay. The time correlation is
measured with a time stamping system providing a resolution of
25 ns.

One of the challenges in designing the electronics for the beta
counting system is the range of charged particle energies that
must be measured. A fast fragment implantation will deposit
more than 1 GeV total energy when it is stopped in the centre of
the DSSSD, while an emitted b-particle will deposit less than
1 MeV. Measurements with Mesytec [6] electronics are described
in Section 2. The experimental results with a 207Bi b-source are
compared with the data taken with Multi Channel Systems [7]
electronics in Section 3. Finally, a measurement with 136Xe ions
was performed in order to investigate the heavy-ion implantation
response in the DSSSD. These results are presented in Section 4.
Pulser (Channel number)

Fig. 2. The characteristics of the logarithmic MPR-32 preamplifier was measured

with a 10 MeV linear range setting and STM-16 spectroscopy amplifiers.
2. Measurements with Mesytec electronics

The Mesytec MPR-32 preamplifier is a 32-channel input
preamplifier which was used for the 16 front and 16 back strips
of a single DSSSD. It can accept positive or negative input
polarities. The Mesytec MPR-32 multi-channel preamplifier is
available in a linear or logarithmic mode. For the linear MPR-32
preamplifier an amplification range of 5 or 25 MeV can be chosen.
For the 978 keV line seen from the 207Bi conversion electron
source the MPR-32 output signal has a pulse height of approxi-
mately 200 mV and its signal-to-noise ratio is 10:1 (5 MeV range).
The logarithmic MPR-32 preamplifier provides a linear range of
2.5 or 10 MeV, which covers 70% of the total range. The last 30%
covers the energy range from 10 MeV up to 3 GeV. Both MPR-32
units have a full voltage range of preamplifier output of 4 V. Fig. 2
shows the characteristics of the logarithmic MPR-32 preamplifier
which was measured with a research pulser. It is worth
mentioning that the pulse height cannot be directly related to
the implantation energy because of the pulse height defect in
solid state detectors.

The MPR-32 was combined with two Mesytec STM-16 shap-
ing-/timing filter/discriminator modules when the differential
input version is used. The STM-16 is a NIM-powered device which
has 16 input channels allowing parallel processing. The gain was
adjusted individually in 16 steps with a maximum gain of 30. A
shaping time of 1 or 2:5ms (FWHM) was chosen. For the following
measurements a shaping time of 1ms (FWHM) was selected as
this would be needed for higher count rate experiments.

The STM-16 was controlled by a NIM-module MRC-1 which
works as a bus master. One Mesytec MRC-1 can control 32 various
Mesytec modules (not only STM-16). It is prepared for the remote
control of (i) individual discriminator thresholds (0–40% of
maximum range, 4 V) and (ii) gains (in 16 steps) for pairs of
channels. Communication with a control PC is done via RS-232
serial interface. Each analogue signal was fed directly to a CAEN
V785AF VME-ADC which has a maximum input voltage of 8 V. The
trigger signal of STM-16 is a logical OR of the 16 discriminator
channels and was used to produce the ADC gate. In Fig. 3 semi-
logarithmic energy spectra of a 207Bi b-source are shown for
different discriminator thresholds of the Mesytec STM-16 module.
As can be seen, the detection limit for electron measurements
using this system was set as low as 150 keV with the present
electronics and the detectors/electronics working at room
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temperature. This limit was defined at 50% of the logarithmic
spectral curvature caused by the discriminator threshold.
3. Energy resolution measured with electrons of a 207Bi source

First, a standard 241Am source was used to verify the
performance of the DSSSD and to measure the resolution of the
system. The alpha source was placed 5 cm from the detector’s
surface in a vacuum vessel. Individual strips displayed energy
resolutions of 0.48–0.52% (front) and 0.51–0.64% (back) FWHM for
the 5.5 MeV peak. Then a 207Bi source, which emits mono-
energetic conversion electrons, was used to calibrate the DSSSD.
The 207Bi source was covered with 70mg=cm2 polypropylene foil
and positioned at 5 cm from the front face of the detector. The
measured electron spectrum for a front strip is shown in Fig. 4
(left). Four peaks (482, 555, 976 and 1049 keV) are clearly
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Fig. 3. Energy spectra of a 207Bi b-source measured for different discriminator

thresholds labelled T ¼ 8232 of the Mesytec STM-16 module.
observed, due to K and LþMþ N conversion electrons of the
570 keV (E2) and 1060 keV (M4) transition in 207Pb. The energy
resolution of the 976 keV line is 14.4 keV (FWHM) for this strip.
Fig. 4 (right) shows an overview of the energy resolution as a
function of the strip number. The front junction side of the
detector has clearly got better resolution compared to the rear
ohmic side. A comparison between the linear and logarithmic
MPR-32 preamplifier reveals a slightly poorer energy resolution in
the logarithmic one, 19.7 keV compared to 15.3 keV for a selected
front strip of the DSSSD-2243-5. However, the logarithmic MPR-
32 has the advantage of being able to measure both the heavy-ion
implantation as well as the b-particle. All the data discussed so far
were obtained for detector tests performed in vacuum. DSSSD
tests were also carried out in dry nitrogen. The energy resolutions
measured in vacuum and dry nitrogen were the same within the
experimental uncertainties. Therefore, the RISING experiments
with an active stopper can be performed in dry nitrogen, allowing
the use of a detector vessel with thin walls, thereby minimizing
the absorption of the emitted g-rays.

At the National Superconducting Cyclotron Laboratory (NSCL)
at Michigan State University (MSU), a beta counting system [8]
has been developed with different electronics which yields
reliable energy information for both implants and decays. The
DSSSD signals are first processed by two 16-channel charge
sensitive preamplifier modules CPA-16 supplied by Multi Channel

Systems [7]. These modules contain precision pre- and shaping
amplifier electronics and provide both high gain (2 V/pC) and low
gain (0.1 V/pC) analogue outputs. They have a full voltage range of
preamplifier output of 5 V. The high gain signals carry information
from low-energy b-decay events, and they require further
amplification. This is accomplished at MSU using Pico Systems

[9] 16-channel shaper/discriminator modules in CAMAC. The
shaper output of the Pico Systems module is sent directly to an
ADC. For the present DSSSD tests two 16-channel charge sensitive
preamplifier modules CPA-16 were also tested at GSI. For a 207Bi
b-source the CPA-16 output signals have a pulse height of
approximately 200 mV and a signal-to-noise ratio of 7:1. At GSI
ORTEC 572 and 16-channel CAEN N568BC amplifiers were used for
30

25

20

15

10

5

0
0 2 4 6 8 10 12 14 16

Strip number

ΔΔE
 (k

eV
)

real ohmic side

front junction side

amplifier for a front strip of DSSSD-2512-17. The four peaks at 482, 555, 976 and

esolution for the front junction and the rear ohmic side versus the strip number is



ARTICLE IN PRESS

R. Kumar et al. / Nuclear Instruments and Methods in Physics Research A 598 (2009) 754–758 757
shaping the high gain CPA-16 output signals. Three different
measurements were performed: (i) the high gain output signal of
the CPA-16 preamplifier was sent directly to the CAEN V785AF
VME-ADC, (ii) it was additionally amplified using an ORTEC 572
amplifier with shaping times of 0:5, 1:0 and 2:0ms, respectively,
and (iii) using a CAEN N568BC module with a shaping time 2:0ms
before sending it to the same ADC. Fig. 5 shows the conversion
electron spectrum of 207Bi without further amplification. Only two
peaks (482 and 976 keV) were clearly seen in the energy
spectrum, due to K conversion electrons of the 570 and
1060 keV transitions in 207Pb. The energy resolution of the
976 keV line varied between 100 and 120 keV depending on the
different measurements. The detection limit for electrons was
found to be approximately 300 keV.

In summary, with a 207Bi source an energy resolution of
15–20 keV and an energy threshold of 150 keV were obtained for
the Mesytec electronic, compared to a FWHM of 100 keV and a
threshold of 300 keV for Multi Channel Systems electronics. Since
conversion electron spectroscopy studies are also part of the
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RISING stopped beam campaign the Mesytec electronic was
selected for the readout of the DSSSDs.
4. Implantation measurement with a 136Xe beam

A test measurement has been performed with the RISING set-
up to investigate the heavy-ion implantation in the DSSSD. A
primary beam of 136Xe with an initial energy of 400 AMeV was
slowed down in the aluminium degrader and implanted in the Si-
detector. The active stopper vessel for the DSSSD was made out of
Pertinax (phenolic–formaldehyde cellulose-paper PF CP 2061)
with an entrance and exit window covered by a thin black Pocalon
C foil of thickness 20mm. The Pertinax wall was 2 mm thick,
corresponding to an aluminium equivalent for g-transmission of
0.7 mm.

Two measurements, triggered by a scintillation detector for
beam particles in the FRS, were carried out with the linear and
logarithmic MPR-32 preamplifiers. The linear MPR-32 preampli-
fier is well suited for the electron measurement (MeV range),
however, for the implantation of heavy ions (GeV range) the
output signals saturate. The energy spectra (see e.g. Fig. 7) show
the low-energetic part of the implantation caused by light charged
particles and atomic X-rays. In most cases all the strips of the
DSSSD fire (see Fig. 6, left), since no condition is set on the
implantation of the heavy ions. If only the overflow data of
the energy spectra (410 MeV) are considered (see Fig. 6, right),
the multiplicity spectrum is localized at small values, which is
expected for the implantation. For multiplicity one on each side of
the DSSSD the position is uniquely determined, while for higher
multiplicities the centroid has to be determined. When using the
linear MPR-32 preamplifier each saturated strip has the same
weight for this calculation, since the individual strip energies
above 10 MeV are not measured. Therefore, the overflow data of
the DSSSD only allow a zero order position determination of the
heavy-ion implantation. Based on the multiplicity distribution
(Fig. 6, right) one obtains an average shift of 2.3 mm (0.75*strip
width) for each event.

The logarithmic MPR-32 preamplifier is well suited for both
electron measurement (MeV range) and heavy-ion implantation
(GeV range). The measured energy spectrum (10 MeV range
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setting for the linear part of the logarithmic preamplifier)
obtained from a x-strip (front junction) is shown in Fig. 7 for
the implantation of 136Xe ions. It shows a similar distribution to
that obtained from the linear MPR-32, and a pronounced double
hump structure in the logarithmic part of the spectrum. The
double hump structure (see Fig. 7) is related to the implantation
of the 136Xe ions. A detailed analysis of the implantation events
showed that in most cases only one (88%) or two (11%) strips
on the x- and y-side of DSSSD were activated, which is quite
different to the result with the linear MPR-32 (see Fig. 6, right)
The highest energy peak could always be related to the
implantation, while the second highest peak is due to the cross
talk with the neighbouring strip. In 90% of all multiplicity two
events the second highest peak was observed in the neighbouring
strip. For the logarithmic MPR-32 preamplifier the mean of the
highest peak of the double hump structure was used for the
position determination. In summary, the measurement with
the logarithmic preamplifier yields in 98% of all events an
implantation within one strip, while the analysis with linear
preamplifier determines, on average, a false shift of the
implantation by 2.3 mm. Since no decay electrons were mea-
sured in this part of the study (136Xe is a b-stable beam), a
position correlation in x-direction between the DSSSD and a
multi-wire (MW) detector of the FRS (in front of the active
stopper) was determined. This is displayed in Fig. 8. It shows a
strong correlation but also an offset since the DSSSD was not
accurately centred in the frame of the FRS.

In conclusion, the logarithmic MPR-32 preamplifier is well
suited for the active stopper of the RISING project. It covers a large
energy range from fragment implantation down to b-decay. After
the implantation of the exotic nuclei, the b-particles will be
measured with high efficiency due to the low detection threshold
of 150 keV. Since the DSSSDs are operated in dry nitrogen, a
detector vessel with thin walls can be used to minimize the
absorption of the emitted g-rays. The excellent energy resolution
of 20 keV also allows conversion electron spectroscopy to be
performed as part of the stopped beam RISING campaign. Such an
electron conversion measurement on 205Au [10] was successfully
performed with the present setup.
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Spherical proton-neutron structure of isomeric states in 128Cd
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13INFN, Universitádegli Studi di Milano and INFN sezione di Milano, I-20133 Milano, Italy
14Institut für Kernphysik, Universität zu Köln, D-50937 Köln, Germany
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The γ -ray decay of isomeric states in the even-even nucleus 128Cd has been observed. The nucleus of
interest was produced both by the fragmentation of 136Xe and the fission of 238U primary beams. The level
scheme was unambiguously constructed based on γ γ coincidence relations in conjunction with detailed lifetime
analysis employed for the first time on this nucleus. Large-scale shell-model calculations, without consideration
of excitations across the N = 82 shell closure, were performed and provide a consistent description of the
experimental level scheme. The structure of the isomeric states and their decays exhibit coexistence of proton,
neutron, and strongly mixed configurations due to πν interaction in overlapping orbitals for both proton and
neutron holes.

DOI: 10.1103/PhysRevC.79.011301 PACS number(s): 21.60.Cs, 23.20.Lv, 23.35.+g, 27.60.+j

The development of the first generation radioactive beam
facilities over the last decade has allowed access to experi-
mentally very exotic nuclei with extreme proton-to-neutron
ratios. Neutron-rich nuclei close to the doubly magic nucleus
132
50 Sn50 are relevant both for nuclear structure studies and
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for their implication for r-process nucleosynthesis. Hartree-
Fock-Bogoliubov (HFB) calculations with the Skyrme force
predict a reduction of the size of the N = 82 neutron shell gap
when approaching Z = 40 [1]. This effect has been attributed
to a reduction of the spin-orbit coupling strength caused
by the strong interaction between bound orbitals and low-j
continuum states. This is due to a large diffuseness of the outer
neutron distribution and its influence on the central potential
in exotic nuclei with large neutron excess. Dillmann et al. [2]
pointed out that the experimental Qβ value of 130Cd, only
two proton-holes below 132Sn, was better reproduced by those
mass models that included “shell quenching” at N = 82 [3,4].
Moreover, the flattening of the Cd yrast 2+ systematics from
126Cd to 128Cd, two-proton holes and four- and two-neutron
holes with respect to 132Sn, respectively, and the indication of a
low lying 2+ state in 130Cd [5] have been interpreted as indirect
evidence of the reduction of the N = 82 neutron shell gap

0556-2813/2009/79(1)/011301(5) 011301-1 ©2009 The American Physical Society
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already at Z = 48. In the same work it has been suggested that
some collectivity persists in those very neutron-rich Cd nuclei
approaching the neutron shell closure. The recently reported
isomeric γ decay in 130Cd [6] that unambiguously established
the 2+ excitation energy at 1325 keV concluded that there is
no evidence for shell quenching at that atomic number. This
conclusion is confirmed in a forthcoming publication where
the measurement of a core excited isomeric state in 131In [7]
is reported. However, the low value of the 2+ excitation
energy in 128Cd is still an open question. Beyond-mean-field
calculations [8] attribute the anomalous behavior of the E(2+)
in the Cd chain to the presence of quadrupole collectivity close
to the N = 82 shell gap as suggested in Refs. [5,9,10]. To shed
light on the structural aspects of the nucleus discussed above, a
study of high-spin isomers and their decay has been performed.
Recently, based on a similar experimental approach, however
without any time correlations, a level scheme for the near-yrast
states of 128Cd has been proposed [11].

Because high-spin isomeric states in the 132Sn region can be
populated in fragmentation and/or fission reactions, the 128Cd
nuclei in this experiment were produced both in fragmentation
of a 136Xe primary beam at 750 MeV/u and average intensity
∼7.4 × 108 ions/s and in fission of a 238U primary beam at
650 MeV/u and average intensity ∼2.7 × 108 ions/s delivered
by the SIS accelerator complex of GSI Darmstadt, Germany.
The Xe and U primary beams impinged on 9Be targets of
4 g/cm2 and 1 g/cm2 thickness, respectively. The reaction
products were separated by means of the Bρ-�E-Bρ method
in the FRagment Separator (FRS) at GSI [12] operated in
achromatic mode. The identification was performed on an
event-by-event basis by measuring the time of flight between
two scintillator detectors placed in the intermediate and the
final focal planes of the FRS, the energy loss in two ionization
chambers, and the magnetic rigidity of the ions. Figure 1
shows an example identification plot for the nuclei produced
in the fragmentation reaction with the FRS set to optimize
the transmission of 130Cd ions. In total 3.29 × 105 128Cd
nuclei were identified. The ions were slowed down in an Al
degrader and stopped in a plastic stopper positioned at the
final focal plane of the FRS. The isomeric states populated
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FIG. 1. (Color online) Particle identification plot of the ion
production of 25% of the data from the fragmentation of a 136Xe
beam.

in these reactions with a half-life long enough to survive the
flight through the FRS (≈300 ns) come to rest in the stopper
and can be identified by their characteristic γ -ray emissions.
The RISING Ge array placed in close geometry around the
stopper was used to measure the γ radiation from the isomeric
decays. The array consists of 15 Ge cluster detectors [13]
from the former EUROBALL [14] spectrometer. By requiring
a coincidence between the identified ion and the detected γ

radiation over a range from 0 to 23 µs after implantation, the
detected γ rays can be unambiguously assigned to the isomeric
decay of one particular isotope. The time was measured in
two independent electronic circuits: An analog branch with a
time increment/scale of 0.7 ns/ch and a digital branch with
25 ns/ch. The γ -ray energy measurement ranged from 30 keV
to 6 MeV. The high efficiency [15] and granularity of this Ge
array in combination with the particle identification of the FRS
makes this setup a unique tool for γ -ray spectroscopy studies.
The delayed γ -ray singles spectrum measured following the
implantation of 128Cd is shown in Fig. 2(a). All previously
reported transitions [5,11] are visible and in addition two
strong lines at 69 and 1224 keV are observed for the first time.
The level scheme proposed in Ref. [11] will not be considered
further in view of the analysis presented in this work which
includes γ γ coincidences (Fig. 2) and half-life analysis
(Figs. 3 and 4). Based on these results the inferred level scheme
shown in Fig. 5 is discussed. The γ -ray energies, their relative
intensities normalized to the most intense 646 keV transition,
and the half-lives of the isomeric states observed in 128Cd in
this experiment are summarized in Table I.

In the γ γ coincidence analysis with an open time condition
(�t = 23.254 µs) it was found that all strong γ rays seen in
Fig. 2(a) belong to the main cascade with the exception of
the 1224 keV transition, which is not observed in coincidence
with the 440 and 785 keV lines. The coincidence spectrum
gated on the latter is shown in Fig. 2(b). The 785 and 646 keV
transitions were assigned from β-decay studies in Ref. [5]
to form the 4+ → 2+ → 0+ cascade. The ordering of these
two transitions is now unambiguously confirmed by the new
γ γ coincidence information. The 440 keV line was placed
feeding the 4+ state and decaying from the 1871 keV level.
Furthermore, a γ γ matrix was constructed requiring the time
difference between the two coincident γ rays to be less than
125 ns. The spectrum obtained from this matrix by gating on
the 238 keV transition shows a strong reduction in the intensity
of the 646, 785, 440, and 1224 keV γ rays when compared
to the 538 keV γ peak as visible in Fig 2(c). Corresponding
coincidence relations were found by gating on the 538 and
69 keV peaks, with respect to the 238 keV intensity, and the
other lines. This observation indicates the existence of at least
two isomeric states with different lifetimes in 128Cd. The time
distributions of the γ rays below the 1871 keV level show
indeed two decay components while the 69, 238, and 538 keV
transitions decaying from the state at 2714 keV show only
a single exponential decay, resulting in an isomeric half-life
of 3.56(6) µs for this state (Fig. 3). The half-life of the state
at 1871 keV was extracted from the γ versus relative γ -ray
time difference matrix between the 238 keV transition and
the γ lines below that state. Under this condition, the time
distributions of the 648, 785, 1220, and 440 keV γ rays show
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TABLE I. Experimental results and deduced spin and parity assignments for the excited states
in 128Cd. The γ intensities are normalized to the 646 keV transition.

Ei (keV) T1/2 (µs) Iπ
i → Iπ

f Eγ (keV) Iγ (%) αexp

646 2+ → 0+ 645.8(2) 100(5)
1430 4+ → 2+ 784.6(1) 90(5)
1871 0.270(7) (5−) → (4+) 440.0(3) 84(4)

(5−) → (2+) 1224.0(6) 11(1)
2108 0.012(2)a (7−) → (5−) 237.9(5) 39(2)
2195 (6+) → (4+) 765.0(3) 1.2(2)
2646 (8+) → (7−) 537.6(2) 47(3)

(8+) → (6+) 450.4(3) 1.8(3)
2714 3.56(6) (10+) → (8+) 68.7(1) 5.2(5) 6.38(86)b

aExtracted from the energy versus relative time matrix gated on the 538 keV transition.
bExtracted from the γ γ matrix gating on the 238 keV transition.

a single exponential decay yielding a half-life of 270(7) ns
for the isomeric state. This type of analysis also allowed us to
determine the ordering of the 538 and 238 keV transitions.
The time distribution of the 238 keV line with respect to
the 538 keV transition exhibits a Gaussian shape with an
exponential tail. The centroid shift method [16] and the least
squares fit of the exponential component result in a half-life of
12(2) ns for the level at 2108 keV as shown in Fig. 4.

In addition to the strong γ rays mentioned above, two more
weak transitions at 450 and 765 keV [Fig. 2(d)] are observed
in coincidence with the 646 and 785 keV lines and are not
present in the 538 keV γ -ray gate. The 450 keV transition was
placed as preceding the one with 765 keV based on the weak
coincidence relations of the 450 keV γ peak with the 238 and

440 keV transitions. These two γ rays are not in coincidence
with the 765 keV transition. The 450 and 765 keV transitions
form a parallel branch with an intermediate level at 2195 keV
feeding the 4+ state at 1430 keV. Their time distributions
corroborate a one component fit to the decay of the 2714 keV
level. The sum energy of the 538, 238, and 440 keV transitions
is equal to that of 450 and 765 keV lines forming a state at
2646 keV.

The spin and parity assignment to the excited states
is based on the electromagnetic transitions probabilities,
relative intensity balance, and inferred conversion coeffi-
cients. The isomeric state at 1871 keV decays mainly by a
440 keV E1 γ ray to the 4+ level with B(E1; (5−) → 4+) =
9.74(61) × 10−9 W.u. and a parallel branch to the 2+ by the
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FIG. 3. (Color online) Time distribu-
tion relative to the ion implantation of the
238 keV (left) and 646 keV (right) γ transi-
tions.

1224 keV E3 γ line with B(E3; (5−) → 2+) = 0.125(13)
W.u. This E3 strength is comparable to the value B(E3; 7− →
4+) = 0.133 W.u. in 128Sn [17] four-neutron holes in the
doubly magic 132Sn. An E4 character for the 1224 keV
transition would not account for the experimental half-life;
therefore, Iπ = (5−) is assigned to the 1871 keV level.
The multipolarity assignments for the 238, 450, 538, and
765 keV transitions are based on the following arguments.
The 2108 keV isomeric state decays by the 238 keV tran-
sition with B(E2; (7−) → (5−)) = 1.5(3) W.u. strength, a
value comparable with the E2 strength of a correspond-
ing transition in the isotone 130Sn [18]. The 2646 keV
level decays by the emission of a 538 keV γ ray to the
2108 keV level and via a weak 450 keV transition to the
2195 keV state. The B(E1; 8+ → 7−) > 3.5 × 10−6 W.u.
strength in 130Sn [18] would correspond to a half-life of
<0.5 ns for the 2646 keV state that cannot be excluded from our
data. Within the experimental sensitivity the 538 keV transition
is emitted promptly after the 69 keV γ ray. Because the spin
difference between the 1430 and 2646 keV levels is 4h̄, both
the 450 and 765 keV γ rays must be E2 transitions. The
assignment of a higher multipolarity to any of those transitions
would lead to a half-life longer than 50 µs for the 2195 or

Time [ns]
0 15 30 45 60 75

C
ou

nt
s 

/ 3
 n

s

0

10

20

30

40

50

60

1/2T    = 12(2) ns

Zero time 

FIG. 4. Time distribution of the 238 keV line with respect to
the 538 keV transition. The curve represents the result of the single
exponential fit.

2646 keV states. The latter is therefore assigned to Iπ =
(8+). The exchange of the spin and parity for the 2108 and
2195 keV levels would be at variance with the nonobservation
of a 325 keV transition feeding the 1871 keV state. Therefore
Iπ = (7−) is assigned to the 2108 keV level and Iπ = (6+)
to the excited state at 2195 keV. The isomeric state at
2714 keV excitation energy was attributed spin and parity
(10+). It decays by a 69 keV E2 transition of 0.39(1)
W.u. strength to the 2646 keV level. The experimental
conversion coefficient for this γ ray was extracted by intensity
balance arguments to be 6.38(86) in agreement with the
theoretical value of αtot(E2) = 5.9, thus corroborating this
assignment.

The experimental data were compared to the results
of large-scale shell-model (LSSM) calculations performed
in a model space based on a 78Ni core, comprising
the proton π (p3/2, p1/2, f5/2, g9/2) and neutron ν(g7/2, s1/2,

d5/2, d3/2, h11/2) orbitals. The effective interaction was derived
from the CD-Bonn nucleon-nucleon potential [19] using G-
matrix theory and adapted to the model space using many-
body perturbation techniques [20]. Monopole corrections were
applied to reproduce correctly the excitation energies of
the neutron-rich nuclei below 132Sn [21]. In particular, the
evolution of the 1/2− and 9/2+ proton doublet along the
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indium chain and the neutron level schemes along the tin chain
were reproduced. Because the adjustment of the monopole
component of the interaction is part of a general shell model
interaction study of the 78Ni to 132Sn model space [22], no
further modifications specific for 128Cd were applied. The
calculations were performed with the codes ANTOINE and
NATHAN [23]. Electromagnetic transition rates were calculated
with a standard common polarization charge of 0.5 e for both
protons and neutrons.

In Fig. 5 the experimental level scheme is compared to the
LSSM calculations. The overall agreement between theory and
experiment is satisfying in view of the fact that the spectrum
is a priori rather complex with the coexistence of proton
and neutron states. In particular, the high lying 8+

2 and 10+

states have predominant h−2
11/2 neutron character (cf. 130Sn)

and are correctly located with respect to the 0+ − 8+
1 g−2

9/2

and 4−, 5−, g−1
9/2p

−1
1/2 proton multiplets (cf. 130Cd). The shift

in the excitation energies of the 2+ and 4+ states reveals
the ground-state sensitivity to the mixing between the πg9/2

and πp1/2 proton configuration. An additional binding energy
added to the p1/2 single particle orbital would reduce the
mixing and bring the results in agreement for the 2+ and
4+ states, however, at the cost of spoiling the location of
the 5− level. The latter with a predominant πg−1

9/2p
−1
1/2 proton

configuration (70%) is well reproduced in the calculation,
whereas a slight discrepancy concerns the 7− level dominated
by the (d3/2)−1(h11/2)−1 neutron configuration that can be
possibly traced back to the πg9/2νd3/2 monopole. The 6+ has
a mixed configuration proton-neutron wave function, which
explains why it is populated from the neutron 8+

2 and lies well
below the proton 8+

1 state, which is not seen in experiment
(see below). Excellent agreement is, however, found for the
energy of the isomeric 10+ state. It appears to be formed
mainly (86%) by the two maximum aligned neutron holes in
the h11/2 orbital and decays by an E2 transition to the 8+

2 state
dominated as well by the two-neutron hole configuration. The

calculated 8+
1 state at energy of 2446 keV is found to have

a pronounced (64%) proton component that explains why it
is not populated in the isomeric decay of the neutron 10+.
The E2 theoretical transition rates of B(E2; 10+ → 8+

2 ) =
0.59 W.u. and B(E2; 7− → 5−) = 0.83 W.u. agree well with
the experimental values 0.39(1) W.u. and 1.5(3) W.u., respec-
tively. The B(E2; 10+ → 8+

1 ) = 0.15 W.u., though smaller by
a factor of four compared to the transition to the 8+

2 , matches
nonobservation only if the two 8+ states are experimentally
close in energy.

Summarizing, three isomeric states have been identified
with the RISING Ge array in combination with the event-by-
event particle identification by the FRS. The γ γ coincidence
and lifetime analysis allowed the construction of the level
scheme populated following decays from isomeric states in
128Cd. The experimental data indicate that the isomeric decay
pattern is selective to the structure of the populated states and
their leading π or ν configuration. This conclusion is further
supported by comparison to LSSM calculations that yield
an overall good agreement and additionally strengthen the
spin and parity assignments. The deviations in level energies
between experiment and shell model at intermediate spins
reveal the need for a further adjustment of the interaction
that could be achieved by minor monopole corrections in
those multiplets that are experimentally not well determined
in the benchmark nuclei used so far. Theoretical work in the
framework of a general shell model study of the 78Ni to 132Sn
model space is in progress [22].
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[17] B. Fogelberg and P. Carlé, Nucl. Phys. A323, 205 (1979).
[18] B. Fogelberg, K. Heyde, and J. Sau, Nucl. Phys. A352, 157

(1981).
[19] R. Machleidt, Phys. Rev. C 63, 024001 (2001).
[20] M. Hjorth-Jensen, T. T. S. Kuo, and E. Osnes, Phys. Rep. 261

(3&4), 125 (1995).
[21] ENSDF database (28/10/2008), http://www.nndc.bnl.gov/

ensdf/.
[22] K. Sieja et al. (unpublished).
[23] E. Caurier, G. Martı́nez-Pinedo, F. Nowacki, A. Poves, and

A. P. Zuker, Rev. Mod. Phys. 77, 427 (2005).

011301-5



 



Physics Letters B 672 (2009) 116–119
Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Proton–hole excitation in the closed shell nucleus 205Au

Zs. Podolyák a,∗, G.F. Farrelly a, P.H. Regan a, A.B. Garnsworthy a, S.J. Steer a, M. Górska b, J. Benlliure c, E. Casarejos c,
S. Pietri a, J. Gerl b, H.J. Wollersheim b, R. Kumar d, F. Molina e, A. Algora e,f, N. Alkhomashi a, G. Benzoni g,
A. Blazhev h, P. Boutachkov b, A.M. Bruce i, L. Caceres b,j, I.J. Cullen a, A.M. Denis Bacelar i, P. Doornenbal b,
M.E. Estevez c, Y. Fujita k, W. Gelletly a, H. Geissel b, H. Grawe b, J. Grȩbosz b,l, R. Hoischen m,b, I. Kojouharov b,
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The neutron-rich N = 126 nucleus 205Au has been populated following the relativistic energy projectile
fragmentation of E/A = 1 GeV 208Pb, and studied via charged-particle decay spectroscopy. An internal
decay with a transition energy of 907(5) keV and a half-life of T1/2 = 6(2) s has been identified through
the observation of the corresponding K and L internal conversion electron lines. The 907 keV energy
level corresponds to the πh−1

11/2 proton–hole state and decays both internally into the πd−1
3/2 ground-state

and via β decay into 205Hg. The obtained data provides information on the evolution of single-proton
hole energies which are vital inputs of shell model descriptions for nuclei around the 208

82Pb126 doubly
magic core.

© 2009 Elsevier B.V. All rights reserved.
Studies of magic nuclei are of fundamental importance in our
understanding of nuclear structure since they allow direct tests
of the purity of shell model wave functions. Information on the
single-particle energies can be derived from the experimental ob-
servables such as energies of the excited states and transition prob-
abilities.

The doubly magic 208Pb nucleus, with 82 protons and 126 neu-
trons, provides the heaviest classic shell model core. Current ex-
perimental information on the neutron-rich N = 126 nuclei is very
scarce. The data on the excited states of proton–hole N = 126 iso-
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tones is restricted to three nuclei, namely: 207
81Tl [1], 206

80Hg [2]
and 204

78Pt [3]. In the case of 205
79Au, only a tentative spin-parity

of the groundstate is known [4,5]. The experimental information
on the structure of these nuclei can be used as building blocks
for calculating more complex configurations. More information is
available, more robust predictions can be made on the properties
of more neutron-rich species. These are of particular importance as
the r-process path nuclei, experimentally unreachable in this mass
region so far, are approached [6].

The lack of information on proton–hole nuclei compared to the
208Pb core arises from difficulties in populating such neutron-rich
nuclei. Projectile fragmentation has proved to be an efficient tool
to produce exotic nuclear species. When projectile fragmentation
is combined with high sensitivity gamma detection arrays, struc-
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ture information can be gained for otherwise inaccessible nuclei
(e.g. 204Pt [3]). The highest sensitivity is achieved with decay spec-
troscopy. In this technique the delayed gamma rays are correlated
with the individually identified ion, therefore minimising the asso-
ciated background radiation [7–9]. Here we employed a different
version of the technique. Conversion electron spectroscopy follow-
ing relativistic energy fragmentation was performed (according to
our knowledge) for the first time.

In this Letter results on the N = 126 nucleus 205Au are reported.
A beryllium target of thickness 2.5 g/cm2 was bombarded with an
E/A = 1 GeV 208Pb beam provided by the SIS accelerator at GSI,
Darmstadt, Germany. The nuclei of interest, populated in relativis-
tic energy projectile fragmentation, were separated and identified
using the FRagment Separator (FRS) [10] operated in monochro-
matic mode with a wedge-shaped aluminium degrader in the in-
termediate focal plane of the separator. Niobium foils were placed
after both the target and the degrader in order to maximise the
electron stripping.

The mass-to-charge ratio of the ions, A/q, was determined from
their time of flight and magnetic rigidity measurements in the sec-
ond part of the FRS. The measured change of the magnetic rigidity
of ions before and after they passed through this degrader was
used to obtain unambiguous charge identification. The energy de-
position of the identified fragments, which gives information on Z ,
was measured as they passed through two gas ionisation cham-
bers. By determining A/q, the charge state and Z , an unambiguous
event-by-event identification has been obtained. The transmitted
(and identified) ions were slowed down in a variable thickness alu-
minium degrader and finally stopped in an active catcher.

The catcher consisted of three 1 mm thick 5 × 5 cm2 double
sided silicon strip detectors. Each Si had 16 X-strips and 16 Y-
strips. The catcher allowed for the detection of both the implanted
ion and the subsequent charged particle decay. A charged-particle
decay observed in a given pixel was correlated with the previous
implant detected in the very same pixel. Due to the large number
of pixels, correlation between the implanted ion and the subse-
quent charged particle decay could be obtained over periods longer
than seconds. Semilogarithmic preamplifiers were used, providing
linear amplification up to 10 MeV and logarithmic for the 10 MeV–
3 GeV range. The linear part allowed for the spectroscopy of the
charged particle decay and was calibrated using an open internal
conversion electron 207Bi source, yielding an energy resolution of
FWHM = 20 keV and a minimum detection threshold of 150 keV
[11]. The logarithmic part allowed for the determination of the im-
plantation position and was calibrated with a pulser. For details on
the Si catcher and its electronics see Ref. [11]. Scintillation detec-
tors were placed both in front of and behind the catcher, allowing
the offline suppression of the majority of fragments destroyed in
the slowing down process.

The catcher was surrounded by the high-efficiency, high gran-
ularity RISING γ -ray spectrometer in the “Stopped Beam” config-
uration [12]. The array consists of 15 former Euroball cluster Ge
detectors and has a full peak efficiency of 15% at 662 keV [12].
Time-correlated γ decays following both internal-decay and β-
decay have been recorded. The experiment was monitored using
the Cracow analysis software [13].

A dedicated fragment separator setting was used to study the
neutron-rich 205Au nucleus. After the production target the mag-
netic rigidity of the fully stripped 205Au nuclei is close to those
of the intense He-like primary 208Pb beam. In order to avoid this
contamination, the first half of the fragment separator was set to
transmit the H-like 205Au ions. Although only an estimated 6.5% of
the ions of interest were in their H-like charged state [14], the
high production cross section in the order of 10−2 mbarn [15]
ensures sufficient statistics for the current measurement. In the
second part of the fragment separator, after the monochromatic
Fig. 1. (Top) Identification plot of the fragments of interest. (Bottom) γ -ray spectrum
associated to the β decay of the 205Au ions using a maximum implantation-decay
correlation time of 5 s. The labelled peaks, unless stated otherwise, belong to 205Hg
[5] and confirm the identification. The peaks labelled in normal letters originate
from the previously studied β decay of the 205Au groundstate [4], with the inset
showing the corresponding decay curve. The peaks labelled in italic are associated
with the β decay of the isomeric state of 205Au observed in the present work. For
details see the text.

Fig. 2. Simulated implantation profile in the 1 mm thick Si detector.

degrader, 205Au was transmitted in its fully stripped charged state.
This setting provided a beam consisting predominantly (∼ 55%) of
205Au nuclei, as shown in Fig. 1.

The primary 208Pb beam intensity was 7 × 108 ion/spill, with
the spill consisting of 1 s beam-on period followed by 10 s beam-
off. The average implantation yield was ∼ 30 205Au ion/spill, cor-
responding to a total of 76 × 103 collected ions. The observation
of the previously identified γ -ray transitions in 205Hg in coinci-
dence with the β-decay of the ground-state 205Au [4] confirmed
the identification (see Fig. 1).

The use of the fragment separator in monochromatic mode al-
lowed for the implantation of 205Au in a thin layer of Si, maximis-
ing the efficiency of the charged particle detection. Fig. 2 shows the
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Fig. 3. Delayed charged particle spectrum associated to 205Au. In addition to the
continuous energy of the β decay, two peaks are observed. These are interpreted as
K and L internal conversion electron peaks corresponding to a 907(5) keV transi-
tion.

simulated range distribution within the 1 mm thick silicon detec-
tor. According to these simulations, performed with the LISE code
[16], 70% of the implanted ions were 205Au. The delayed charged
particle spectrum measured in the Si detector and correlated to
the implanted 205Au ions is presented in Fig. 3. In addition to the
continuous energy spectrum of the β electron from the 205Au de-
cay, two discrete peaks can be observed. These are interpreted as
the K and L internal conversion electrons associated to a γ -ray
transition with an energy of 907(5) keV. (Note that the L line con-
tains contribution from the weak and unresolved M, N, . . . lines.)
The energy difference between the K and L lines, as well as the
intensity ratio of the two peaks supports this interpretation. The
measured lifetime of the decay is T1/2 = 6(2) s. This lifetime sug-
gests a transition with M4 or E4 character (considering a transition
strength between 10−4 and 10+3 W.u.).

The γ -ray spectrum associated to the β decay of 205Au is
shown in Fig. 1. When compared with that of the previous study
of Ch. Wennemann et al. [4], one notices that the spectrum con-
tains two additional transitions with energies of 967 and 1016 keV.
These γ lines are clearly visible when a maximum implantation-
decay correlation time in the order of seconds is used (5 s in
Fig. 1), and they disappear in the background if a much longer
maximum correlation time is chosen. These γ lines were previ-
ously identified in 205Hg (but not from β decay) and they deexcite
states with spin-parities 7/2− and 9/2−, respectively [5]. These
spins are high when compared to that of the 3/2+ groundstate of
205Au, therefore it is unlikely that these γ -ray transitions originate
from the β decay of the 205Au groundstate. The lifetimes associ-
ated to these two γ -ray transitions are consistent with the 6 s
half-life of the conversion electron, and in the case of the stronger
967 keV transition inconsistent with the much longer lifetime of
the groundstate β decay. All these experimental findings suggest
the identification of an isomeric state in 205Au, and that this state
decays both internally and via β decay. The branching ratio be-
tween these decays cannot be determined due to poor knowledge
of the full peak conversion electron detection efficiency.

The proton–hole orbitals below the Z = 82 closed proton shell
are s1/2, d3/2, h11/2, d5/2 and g7/2. The experimental level scheme
of the Z = 81, N = 126 single-hole 207Tl nucleus gives a clear
graphical demonstration of this, as shown in Fig. 4. 205Au is a three
proton–hole nucleus, with an expected groundstate configuration
of πd−1

3/2 (with the s1/2 being empty) and spin-parity Iπ = 3/2+ .
The πh11/2 excited state should be long lived since it can de-
cay only through high multipolarity transitions, similarly like in
207Tl. Accordingly, the transition observed in the present experi-
ment should originate from the decay of the 11/2− isomeric state.
The experimentally identified 907(5) keV transition corresponds to
the 11/2− → 3/2+ transition of M4 character and a theoretical in-
ternal conversion coefficient [21] of α = 0.18. The relatively high
Fig. 4. Calculated and experimental level schemes of 205Au. Calculations have been
performed using both the standard set of matrix elements of Ref. [18] (labelled (a))
and a modified set optimised for the description of 204Pt [3] (labelled (b)). For com-
parison the partial level scheme of 207Tl is also given [1].

electron conversion coefficient together with the high energy of
the transition, a rare combination, made possible the identification
of this transition with the present method.

In order to obtain a quantitative understanding of the under-
lying single-particle structure of the excited states of 205Au, shell-
model calculations have been performed employing the OXBASH
code [17]. The standard interaction two-body matrix elements
(TBMEs) were used as taken from Ref. [18]. They are based on
the Kuo–Brown interaction including core polarisation [19,20], with
slight modifications introduced to obtain an improved description
of the experimental data available at the time. The proton–hole
energies were taken from the experimental level scheme of 207Tl
[1]. This parameterisation gives a good description of the reported
excited states in the two proton–hole 206Hg [2] and reasonable de-
scription for the four proton–hole nucleus 204Pt [3]. In order to get
a good description for all available information on the N = 126
isotones below lead, both on excitation energies and transition
strengths, small modifications of the standard TBMEs were re-
quired [3]. Calculations with these modified matrix elements were
also performed. The results of the calculations for 205Au, using
both sets of TBMEs, are compared with the experimental level
schemes in Fig. 4. The dominant configurations are also indicated.

The measured energy of the isomeric state with the proposed
11/2− spin-parity is in good agreement with the shell model calcu-
lations. The calculations also predict a 5/2+ state to lie below the
11/2− isomer, therefore the isomer could decay into it via an E3
transition. The Weisskopf estimate for the partial lifetime of this
transition is in the order of 0.1 s. This transition, even if it exists,
could not be observed in the present experiment: the energy of
the corresponding conversion electron is low and could not be dis-
cerned from the background; the γ branch could have not been
correlated with the 205Au ions due to the long lifetime of the iso-
mer. As a consequence, the M4/E3 branching ratio could not be
ascertained in the current work. Since the 11/2− isomeric state β

decays and possibly decays internally through an E3 branch, only
an upper limit for the B(M4) transition strength was determined,
B(M4) � 1.7(7) W.u. This limit is somewhat lower than that of
the equivalent M4 transition strength, 3.2(3) W.u. [1], in 207Tl, and
similar to those determined in lighter gold isotopes: 2.4(8) W.u. in
197Au [22] and 2.2(3) W.u. in 195Au [23]. This suggests that the E3
branching might be missing altogether, possible because the 5/2+
state lies above the 11/2− isomer.

In conclusion, an excited state in the neutron-rich N = 126
205Au nucleus has been identified through conversion electron
spectroscopy. It has an excitation energy of 907(5) keV and a half-
life of T1/2 = 6(2) s. It corresponds to the πh−1

11/2 single proton–
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hole excitation and decays both internally into the πd−1
3/2 ground-

state and via β decay into excited states of 205Hg. The energy of
the isomeric state is in good agreement with the shell-model cal-
culations.
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The γ -ray decay of an excited state in 131In, the one proton hole neighbor of the doubly magic 132Sn
has been measured. A high-spin, core-excited isomer with T1/2 = 630(60) ns was identified following
production by both relativistic fragmentation of a 136Xe beam and fission of a 238U beam. This state
deexcites by a single γ -ray branch of 3782(2) keV from which direct evidence for the size of the N =
82 shell gap is inferred. The results are discussed in comparison to a shell-model calculation including
configurations across the closed shells at N = 82 and Z = 50.
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Shell evolution in nuclei has been an outstanding subject in nu-
clear structure physics of the last decade. Two main mechanisms
are predicted to drive the possible shell evolution phenomena: the
so-called monopole migration [1] acting for proton-rich nuclei as
well as those with neutron excess, and the second, shell quench-
ing due to a softening of the potential shape by excessive neutrons,
especially pronounced in very neutron-rich nuclei [2]. These mech-
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anisms modify the known magic numbers as a consequence of
shifting effective single-particle levels when going towards either
the proton or the neutron drip lines. In medium-heavy nuclei the
effort to establish shell evolution concentrates around the 100Sn [3]
and 132Sn [4,5] doubly magic nuclei. The Sn isotopes form the
longest isotopic chain in the nuclear chart accessible to current
experimental study and thus provide a stringent testing ground
for nuclear structure models. A remarkable similarity was found
between the decay of 8+ isomers in 98Cd50 [6] and 130Cd82 [5]
which both have a pure g−2

9/2 proton-hole configuration. However,
the analogue of the known core excited isomer in 98Cd [7] was
not observed in 130Cd within experimental sensitivity underlining
the differences in the underlying neutron single particle structure.
The understanding of analogies in the structure of both regions of
nuclei and the evolution of the N = 82 shell gap below 132Sn is
of importance in predicting the path of the rapid-neutron capture
r-process which partially drives the production of elements heav-
ier than Fe in nature. Only in one N = 82 r-process waiting point
nucleus, namely 130Cd [5], have excited states been identified to
date. In that case the persistence of the 8+ isomer and the de-
cay halflife suggested that no substantial shell gap reduction was
present.

The expectation that magic numbers may be altered in nu-
clei far from the valley of stability has provided significant mo-
tivation for experiments with rare isotope beams coupled to the
most efficient detector setups. At GSI Darmstadt the power of the
FRagment Separator (FRS) spectrometer [8] in separating and se-
lecting secondary radioactive beams has been combined with a
highly efficient Ge array to form the RISING project [9,10]. The
identification of a core excited state in 131In (i.e., the single pro-
ton hole neighbour of 132Sn) using the RISING setup, is presented
in the current work. The excitation energy of this state provides
a more direct measure of the size of the N = 82 shell energy gap
than the qualitative conclusion drawn from 130Cd isomerism [5].
To date only two β-emitting isomers have been identified above
the (9/2+) ground state in 131In with proposed spin-parity (1/2−)
and (21/2+) and excitation energies inferred from Q β measure-
ments [11].

The experiment to identify the γ decay of excited states in 131In
was performed using primary beams of 136Xe at 750 MeV/u and
238U at 650 MeV/u to populate 131In following projectile fragmen-
tation and fission reactions on Be targets of 4 g/cm2 and 1 g/cm2

thickness, respectively. The secondary beams were separated and
identified event-by-event with respect to their nuclear charge (Z )
and mass (A) using the FRS [8], and implanted at the final fo-
cal plane in a passive stopper made of plastic to reduce the rate
of electromagnetic atomic radiation produced during the implan-
tation process. Gamma rays emitted in the isomeric decay process
were measured in an array of 15 Cluster detectors [12] from the
former Euroball spectrometer [13], which surrounded the stopper
in a compact geometry, such that high detection efficiency could
be achieved with high granularity. The photo-peak efficiency for
the RISING array in the configuration used in the current work
covered a range from 3.0(3)% at 45 keV, passing a maximum of
25(1)% at ∼ 65 keV and falling to 5.1(2)% for a 3.8 MeV gamma
ray. More details on the Ge array are given in Ref. [10]. Directly af-
ter the ion implantion, γ rays were registered within a 50 μs time
window.

An identification plot obtained from the fission experiment is
shown in Fig. 1 where the A/Z distribution in a gate on implanted
Z = 49 ions is indicated. A total sum of 175,000 131In ions were
identified in the fission and fragmentation experiments. The γ -ray
spectrum in delayed coincidence with fully stripped 131In ions is
shown in Fig. 2. Only one γ ray transition at 3782(2) keV energy
is clearly visible. Additional counts of this γ ray were registered
at 3271(2) keV from the single escape peak. The halflife of the
Fig. 1. The experimental spectrum of the A/Z value for In isotopes obtained in the
fission experiment.

Fig. 2. Gamma ray energy spectrum of the isomeric decay in 131In. Inset: Time dis-
tribution of the 3782 keV transition with a single component exponential fit.

isomeric state was extracted based on a least-squares fit of the
time distribution of the 3782 keV transition to a single exponen-
tial decay curve, resulting in a value of T1/2 = 630(60) ns as shown
in the inset of Fig. 2. No other transitions associated with 131In
were observed within the sensitivity range i.e., from 55 keV to
6 MeV. For any transition with lower than the observed energy
the efficiency would be significantly higher unless such transitions
were highly converted. Low-energy transitions of different possible
multipolarities are distinguished by their decay modes (conversion
electron vs. γ -ray emission) and γ detection sensitivity. Assum-
ing the same total intensity for a low-energy transition as for the
3782 keV line, the lower γ -ray observational limits of 52, 59, and
77 keV for E1, M1, and E2 transitions, respectively, were extracted
based on the experimental data.

If the isomer decays by a 100% branch of a non-observed pri-
mary transition with an energy between the observational limit
and the indium L-binding energy, the following limits for transi-
tion probabilities are derived from the measured half life: 1.3 ×
10−6 W.u. � B(E1) � 3.0 × 10−5 W.u., 1.5 W.u. � B(E2) � 9.2 W.u.,
and 0.38 × 10−4 W.u. � B(M1) � 6.4 × 10−4 W.u., respectively.
The possibility of an M1 transition can be ruled out as values
of 10−4 W.u. correspond to a retardation an order of magnitude
larger than has been observed for M1 transitions between core
excited states in 132Sn [14]. The required E2 strength is rather
large in comparison to the strengths of less than the 0.6 W.u.
observed between core excited states in 132Sn [14] but cannot
be firmly excluded. Allowing E1 or E2 multipolarity for a pos-
sible non-observed transition in cascade with a ΔI = 0 − 3 fast
3782 keV γ ray to the (9/2+) ground state would require a com-
peting, high energy crossover transition of multipolarity E3, M3, E4
which would be well within the detection sensitivity. A lower mul-
tipolarity cross-over transition would destroy the isomerism while
higher multipolarity transitions such as M4, M5, E5 would have too
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Fig. 3. Experimental level scheme in comparison to shell model calculation for 131In and 132Sn (colored in electronic version). The core excited states are labelled according
to their leading configuration νh−1

11/2 f7/2 (red—full line), νd−1
3/2 f7/2 (blue—short-dashed) and π g−1

9/2 g7/2 (black—long dashed). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this Letter.)
small partial width to compete. This leaves possible spin-parity as-
signments of 17/2± and 19/2−for the isomer in this scenario as
19/2+ would allow an M1 to the 21/2+ isomer at variance with
the observed half life (see above). Odd-parity assignments are un-
likely as the corresponding odd-parity (4,5)− core states in 132Sn
needed to couple the proton g9/2 hole to the required spin lie
400–500 keV above the 4+ state which can be coupled to 17/2+
(see Fig. 3).

A 3782 keV primary transition is compatible with E4 multi-
polarity, resulting in a (17/2+) assignment for the isomer with
decay strength of B(E4) = 1.48(14) W.u., similar to those reported
in 132Sn [14] and 98Cd [7]. Any single γ ray or cascade feeding
the (1/2−) isomer can be excluded due to fast competing branches
from the isomer to the ground state or the (1/2−) state. On this
basis, we assigned the observed 3782 keV transition to the direct
decay from a Iπ = (17/2+) isomer to the ground state.

The isomeric ratio, defined as the ratio of nuclei in excited
states to the total number of nuclei amounts to 4.0(4)% averaged
from fission and fragmentation data and is consistent with a rela-
tively high spin and/or non yrast isomeric state [15,16], consistent
with the proposed (17/2+) assignment.

The ground state of 131In is reported from beta decay measure-
ments to be (9/2+) [11] and is understood as one proton hole in
the g9/2 orbital. The first excited state at 302 keV energy [17] is
the isomeric (1/2−) state [11] formed when a proton from the p1/2
orbit is excited, thereby filling the g9/2 orbital. In the same work
a high-spin beta-decaying isomer at 3764(88) keV excitation en-
ergy was also observed and interpreted as a (21/2+) state based
on its feeding to the 19/2+ , 19/2− and the (23/2−) states in the
daughter 131Sn. In this earlier work [11] a neutron core excitation
π g−1

9/2νh−1
11/2 f7/2 configuration was suggested for this isomer based

on the fact that no proton-hole state configuration could explain
the existence of that high-spin state. In the present work, due to
the finite time correlation window, no beta decaying states were
associated with γ rays and only the direct γ decay from isomeric
states was registered. The proposed (17/2+) state established at an
excitation energy of 3782 keV must therefore lie above the (21/2+)

isomer at 3764(88) keV [11,14]. A possible highly converted, low
energy E2 branch to this state makes the measured E4 strength an
upper limit and explains the small isomeric ratio.

We have performed shell-model calculations in the proton
π(p1/2, g9/2, g7/2,d5/2) and neutron ν(s1/2,h11/2,d3/2, f7/2,h9/2)

model space using a 132Sn core and experimental single-particle
(hole) energies [14,18]. The two-body matrix elements (TBME)
of the residual interaction were inferred from a realistic interac-
tion for 208Pb [19], one harmonic oscillator shell higher, replacing
single-particle orbits (n, l, j) by (n, l−1, j −1), which maintains the
proper radial wave functions following the prescription given in
Ref. [20]. The interaction strength was scaled up by (208/132)1/3,
and for intermediate spins in a multiplet interpolated according
to their angular orbital overlap [21]. Calculations were performed
using the code OXBASH [22]. Only 1p1h excitations were allowed
for each valence orbit. The ph TBME for the 4+, 6+ and 9+ states
of the νh−1

11/2 f7/2 configuration, and the 3− state of the νd−1
3/2 f7/2

were changed by −200, −200, +200, and −250 keV, respectively,
to improve the relative level positions in the benchmark nucleus
132Sn. In addition the monopoles for the νh−1

11/2 f7/2, νd−1
3/2 f7/2 and

π g−1
9/2 g7/2 multiplets were tuned to reproduce the correspond-

ing unambiguously identified members of the multiplets in 132Sn.
These modifications compensate partly for the truncation which
affects low-spin states in the multiplets stronger than the stretched
coupled states. E2 and E4 transition strengths were calculated with
effective charges of 1.5 e [5] and 0.7 e [23] for protons and neu-
trons, respectively. The results for levels in 132Sn and 131In are
compared to experiment in Fig. 3. For 132Sn a one-to-one corre-
spondence between the experimental and shell model sequences
of states is found with neutron core excitations being energeti-
cally favoured. The low-spin states Iπ = 2+, (4+), (3−) of collective
character cannot be expected to be reproduced quantitatively in a
1p1h calculation. The high-spin states such as Iπ = 9+ agree well
with experiment. Deviations are therefore ascribed to the trunca-
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tion and the interaction is considered to be reliable. For 131In the
shell-model level sequence supports the spin-parity assignments
of the isomers in the present and previous work. The predicted E4
strength of the (17/2+) → (9/2+) transition in 131In is calculated
to be 2.4 W.u., which compares well with the experimental upper
limit of 1.6 W.u. which takes into account a possible non-observed
E2 branch to the (21/2+) isomer. The reduction of the strength
relative to the 4+ → 0+ transition in 132Sn is due to the fact that
the 17/2+ wave function besides the g−1

9/2 × 4+ components con-

tains also couplings to the higher spin (5–9)+ states which do not
contribute to the E4 transition. With the shell model prediction
of B(E2;17/2+) → (21/2+) = 0.29 W.u. a total branch of � 17%,
which includes electron conversion and γ decay, is calculated for
transition energies below the observational limit of 77 keV.

The extraction of a shell gap from the excitation energies of
the Iπ = (21/2+) and (17/2+) isomers in 131In requires a care-
ful assessment of the residual interaction. The standard procedure
to extract a shell gap Δ for an even-even core nucleus involves
the ground state binding energies (BE) of its odd–even neighbours
according to Δ(Z , N) = 2BE(Z , N) − BE(Z , N + 1) − BE(Z , N − 1)

for neutrons and for protons accordingly [24]. This is equivalent
within a few tens of keV to the spin-multiplicity weighted average
of the excitation energies of a complete multiplet which can be
verified for 132Sn (Fig. 3) even if the low-spin Iπ = 2+ (collective)
and 3+ (not known) states are omitted. This method, however, is
not applicable to an odd–even core nucleus like 131In as the BE
of the odd–odd neighbours is strongly determined by the resid-
ual interaction which is binding in the hole-hole neighbour 130In
while it is repulsive in the particle-hole case of 132In. The Z = 50
shell gaps in the Sn isotopic chain provide a textbook example for
this effect. The effect is evident in the SM results of Fig. 3, where
the centroids of the νh−1

11/2 f7/2 multiplet in 132Sn and the respec-

tive π g9/2νh−1
11/2 f7/2 states in 131In are shifted by about 910 keV

which would indicate an apparently dramatic but erroneous shell
gap reduction. The overall good agreement for core excited states
in 132Sn and 131In in both sequence and maximum spin states, sug-
gests that the interaction for the respective ph multiplets is well
accounted for in the shell model calculation, which therefore can
be used to infer consistently with 132Sn a shell gap Δ for the even-
even core 130Cd from the calculated ground state binding energies
of 129–131Cd. The result is a considerable decrease of the 132Sn neu-
tron gap of 4.89(8) MeV [14] by 610(100) keV which, however, is
in the range of e.g. the reduction of the Z = 50 gap from N = 82
to 80 [25] of 680 keV. The uncertainty of the reduction due to
interaction and truncation is estimated from the mean level de-
viation [21] within the νh−1

11/2 f7/2 multiplet in 132Sn and includes
the experimental error in the N = 82 gap in the core nucleus. It
is therefore concluded that the shell-gap reduction does not need
any quenching mechanism due to excessive neutrons but can be
explained by classical monopole-driven shell evolution. We note in
passing that the interaction used does not predict a 1p1h isomer
in 130Cd.

In conclusion, a core-excited γ -decaying isomer has been iden-
tified in 131In using the RISING-FRS setup. The data on energies
and transition strengths are well reproduced by shell model calcu-
lations including 1p1h configurations. Based on the calculations,
the shell gap in 130Cd is inferred and interpreted as monopole
driven.
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Gamma rays de-exciting isomeric states in the neutron-rich nucleus 198
76Os122 have been observed following

relativistic projectile fragmentation of a 1 GeV per nucleon 208Pb beam. The ground-state band has properties
compatible with oblate deformation. The evolution of the structure of Os isotopes characterized by sudden
prolate-oblate shape change is discussed and contrasted with the smooth change known in the Pt chain.

DOI: 10.1103/PhysRevC.79.031305 PACS number(s): 25.70.Mn, 21.10.Re, 27.80.+w

The neutron-rich W-Os-Pt region is characterized by the
presence of nuclei with different shapes in their ground states,
such as prolate, oblate, triaxial, and spherical. Shape transi-
tional nuclei are difficult to treat theoretically; consequently,
this region is considered to be a crucial testing ground for
nuclear models. The lighter isotopes are prolate deformed,
and by adding more and more neutrons the shape becomes
oblate [1,2]. As the N = 126 closed shell is approached the
nuclei become spherical [3,4]. In the prolate-oblate transition
region the nuclei can be described by a potential with similar
energy minima corresponding to prolate and oblate shapes.
For the tungsten (Z = 74) nuclei a sudden prolate-to-oblate
shape change is predicted to happen at around mass 190–192
[1,2], with some experimental evidence for shape coexistence
in 190W114 [5,6]. The transitional region in the case of the
platinum (Z = 78) nuclei starts at around mass A = 192
and persists till A ≈ 200 [7]. These nuclei are understood
to have axially asymmetric shapes and they are considered to

*Corresponding author: Z.Podolyak@surrey.ac.uk

present the best examples of γ -softness throughout the whole
nuclide chart [8]. In the case of osmium nuclei (Z = 76)
the prolate-oblate shape change is predicted to be a sudden
one [7,9]. The exact place where this change occurs for the
ground state of the osmium isotopes is not clear. Experimental
information suggests that up to mass A = 194 the osmium
isotopes are prolate [10], but the γ degree of freedom is
also important [11]. In 196Os116 the available experimental
information is too scarce to draw a definite conclusion, as only
two excited states were observed [7].

Despite the intense theoretical interest in the shape tran-
sitional W-Pt region, this is the part of the nuclide chart
with the least information on neutron-rich nuclei. The high
sensitivity achievable in the isomeric decay experiments
and the recent increase in relativistic energy primary beam
intensities have opened up new possibilities. Here we present
the first experimental information on 198

76Os122.
Heavy nuclear species were populated in relativistic energy

projectile fragmentation. A beryllium target of thickness
2.5 g/cm2 was bombarded with an E/A = 1 GeV, 208Pb beam
provided by the SIS accelerator at GSI, Darmstadt, Germany.
The typical, on-target beam intensity was (0.5–1.0) × 109 lead

0556-2813/2009/79(3)/031305(4) 031305-1 ©2009 The American Physical Society
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ions per ≈8-s long spill. The spills were separated by ≈18-s
periods without beam. The nuclei of interest were separated
and identified by using the FRagment Separator (FRS) [12]
operated in standard achromatic mode with a wedge-shaped
aluminium degrader in the intermediate focal plane. The
transmitted ions were slowed in a variable thickness aluminium
degrader and finally stopped in a 9-mm-thick plastic (perspex)
catcher. The catcher was surrounded by the high-efficiency,
high-granularity stopped RISING γ -ray spectrometer [13],
which has a full-energy peak efficiency of 15% at 662 keV.
Time-correlated γ decays from individually identified ions
have been measured, allowing unambiguous identification of
isomeric decays. For details of the identification procedure and
the setup used in the present experiment see Refs. [4,14].

The results for 198Os were obtained from two different
magnetic rigidity settings. Approximately half of the data
comes from a setting optimized to select fully stripped ions
centered on the maximal transmission of 199Os; the other half
comes from a setting centered on 203Ir.

A total of 7.8 × 104 198Os ions were implanted in the
catcher. The detection of the previously identified γ rays
following the de-excitation of isomeric states in 200Pt [15],
201,202Pt, 193Re, 195Os, and 198Ir [16] were used to confirm the
calibration of the particle identification.

The total γ -ray spectrum observed in delayed coincidence
with 198Os ions is shown in Fig. 1. The high efficiency of the
RISING array and the large number of identified 198Os nuclei
allowed the determination of the coincidence relationships
between the observed γ rays (see the bottom part of Fig. 1).
Based on the γ -ray intensities and the coincidence relations
the level scheme shown in Fig. 2 has been built. All the γ

rays placed in the level scheme of Fig. 2 show a similar time
behavior, suggesting that they are fed from the depopulation of
the same isomeric state. The extracted half-life of the isomer
is T1/2 = 16(1) ns (see inset of Fig. 1). This lifetime is much
shorter than the flight time between the production target and
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FIG. 1. Delayed γ -ray spectra associated with 198Os. (Top) Sin-
gles spectrum taken within 100 ns after implantation. The inset shows
the time spectrum associated with the strongest γ -ray transitions.
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and (607 + 608)-keV transitions.
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[15–17]. The unobserved (7−) → (5−) transitions are estimated to
have energies of <90 keV.

the detection position (≈230 ns). The survival of the nucleus
in its isomeric state indicates that the decay-out transition has
a large electron conversion coefficient and is therefore of low
energy. This unobserved transition is estimated to have an
energy of less than 90 keV. The spin-parity values of the excited
states are tentative and are based on both systematics and
theoretical considerations. For comparison, the partial level
scheme of the N = 122 isotone 200Pt [15–17] is also shown in
Fig. 2. The low-intensity 447-, 527-, and 544-keV transitions
shown in Fig. 1 are in tentative coincidence relationships with
each other and all the other γ rays placed in the level scheme
of Fig. 2. They must originate from a higher lying isomer, with
an extracted half-life of T1/2 = 18(3) ns.

We note that during the present experiment the 196Os
nucleus was also produced and implanted in the catcher.
Despite of the large statistics (121 × 103 implanted 196Os
nuclei compared to 78 × 103 of 198Os), no evidence of isomeric
decay was found. This suggests that in 196Os the 7− state lies at
least 100 keV higher in energy than the 5− state, and it decays
during the flight time within the fragment separator. The other
possible scenario, that the 7− is below the 5−, would result in
a 7− isomer with a half-life of hundreds of microseconds (as
is in the case of 202Pt [16]) and it should be observable with
the present setup.

Isomeric states with Iπ = 7− have been reported in the
even A = 196–202 platinum isotopes [15,16,18,19]. They
were interpreted as having a mixed two-proton πh11/2d3/2 and
two-neutron νi13/2p1/2 character. Whereas in 196Pt the two-
neutron component is stronger [18], in the heavier platinum
nuclei the two protons are dominant [16,19]. In 196,198,200Pt
the 7− isomers decay into the yrast πh11/2s1/25− state by a
low-energy transition with E2 character. The half-lives are in
the range of nanoseconds, and the B(E2 : 7− → 5−) transition
strengths in the region of 15–25 W.u., decreasing with mass.
Based on the similarities between the level structure of the
196–200Pt isotopes and the 198Os nucleus we suggest that in
198Os the isomeric state has πh11/2d3/2 character and Iπ = 7−,
and it decays via a low-energy transition into the 5− state with
πh11/2s1/2 configuration. The determined transition strength
is B(E2; 7− → 5−) = 15(5) W.u. We note that there is a lack
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FIG. 3. Potential energy surface calculations for the ground state
of 198Os. The energy difference between two successive contour
lines is 200 keV. The calculations indicate a shape with deformation
parameters β2 = 0.093, β4 = −0.028, and γ = 60◦ (black dot).

of sensitivity of the transition strength to the transition energy
owing to the large effect of the electron conversion. The higher
lying isomer in 198Os observed here is very similar in its
decay pattern and half-life to that observed in 200Pt [16] and
it probably has fully aligned νi2

13/2 character with Iπ = 12+.
Excited states with this structure were identified in less neutron
rich platinum and mercury isotopes [20,21] as well.

The oblate-prolate shape transition in the Hf-Pt region has
been theoretically studied with several approaches. Mean-field
calculations have been performed with different interactions.
For example, self-consistent axially deformed Hartree-Fock
calculations with a separable monopole interaction predict
prolate shape for osmium isotopes with A � 190 and oblate
shape for 192–198Os [2]. However, mean-field calculations
performed by Sarriguren et al. [1], Ansari [9], and Naik
et al. [22] using a range of approximations predict that the
lightest oblate isotope is 194Os, 196Os, or 198Os, depending on
the approach employed.

The interacting boson model (IBM) is often employed to
describe the properties of transitional nuclei. It is considered
that the platinum nuclei are close to the O(6) limit, which
corresponds to a γ unstable shape, with 196Pt being the best
example of this symmetry [23]. Recently, Jolie and Linnemann
[24] successfully described a range of nuclear properties in
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2 )/E(2+) energy ratios in the
even mass A = 188–202 osmium and platinum isotopes. The values
corresponding to the second excited state in 196Os, which is either the
yrast 4+ or the second 2+ state, are indicated with the symbol x.

the Hf-Hg region, including the quadrupole moments that are
directly related to the shape. It was shown that there is a
prolate-oblate SU(3)–SU(3) phase transition predicted in this
region.

Here, Woods-Saxon-Strutinsky calculations have been per-
formed, as described in Ref. [25]. This type of calculation
has been extensively employed and has proved successful in
this mass region [5,10]. The potential energy minimization
has been done in the three-dimensional deformation space of
β2, β4, and γ . Axially symmetric prolate shapes correspond
to γ = 0◦, whereas noncollective oblate shapes correspond
to γ = 60◦. For 198Os the calculations indicate a very soft
system in both γ and β degrees of freedom, with a minimum
corresponding to weak oblate deformation with parameters
β2 = 0.093, β4 = −0.028, and γ = 60◦ (see Fig. 3). The same
type of calculation performed for lighter osmium isotopes
indicates a prolate shape for 190,192,194Os, with decreasing
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quadrupole deformation for increasing mass, and an oblate
shape with β2 = 0.12 for 196Os [10].

The yrast structures of 190,192,194Os nuclei were observed
up to at least spin-parity 10+. They are well understood by
considering a prolate shape. The prolate character of 194Os
is consistent with the nonobservation of back-bending before
10+ [10]. 196Os is the heaviest osmium isotope where excited
states were previously observed [7]. It was populated in the
198Pt(14C,16O) reaction and excited states with energies of
300(20) and 760(20) keV were observed. Although the first
excited state is almost certainly the yrast 2+, the other observed
state could be either the second 2+ or the yrast 4+ state. It
was inferred from the high E(2+) energy that this nucleus is
significantly less deformed than the lighter prolate isotopes.

The energies of the lowest excited states can be used to
infer information about the character of the nuclei. Systematics
related to the yrast 2+ and 4+ states as well the second 2+
state (2+

2 ) are presented in Fig. 4. In 198Os, the ordering of the
coincident 412- and 473-keV transitions cannot be determined
from the present experiment. Here we considered the ordering
shown in Fig. 2, resulting in an E(2+

2 )/E(2+) energy ratio
of 1.89. By changing the order of the transitions the ratio
is slightly modified to 2.02. This assumption does not have
any consequences on the discussion that follows. As shown
in Fig. 4, the platinum energies change slowly with atomic
mass. The yrast E(2+) and E(4+) energies increase smoothly,
and the E(4+)/E(2+) energy ratio remains constant at about
2.5, the ratio expected for perfect O(6) γ -soft nuclei. The
E(2+

2 )/E(2+) energy ratio is smoothly decreasing and has a
value of around ∼2. In contrast to the platinum nuclei, in the
osmium isotopes there is a sudden change at around A = 196.
The large E(4+)/E(2+) energy ratio and the smooth change
of the yrast E(2+) and E(4+) energies in the case of the

A = 188–194 osmium nuclei indicate that these isotopes are
deformed. At A = 196 there is an abrupt increase in the energy
of the 2+ state. This is even more obvious in the case of 198Os,
where both the E(4+) and E(2+) energies are much higher
than in the lighter Os nuclei. Similarly, the E(4+)/E(2+) and
E(2+

2 )/E(2+) energy ratios drop to the lowest values for the
osmium isotopes in the region. The low E(4)/E(2) ratio is
consistent with a low deformation and is less than the predicted
2.5 for γ -soft O(6) nuclei, whereas the low E(2+

2 )/E(2+) ratio
also indicates the γ -softness of the system.

In conclusion, excited states in the neutron-rich 198Os
nucleus have been identified following internal decays of
isomeric states populated in relativistic energy fragmentation
reactions. The energies of the yrast 2+ and 4+ states suggest
a weakly deformed character, and the low energy of the
second 2+ state is consistent with the γ -softness characteristic
to this mass region. This interpretation is compatible with
the theoretical calculations predicting 198Os to be a weakly
deformed oblate nucleus. The sudden drop in E(2+

2 )/E(2+)
for A > 194 osmium isotopes might be a signature of a
prolate-to-oblate shape change, but more detailed theoretical
calculations are needed to clarify this surprising feature.
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a b s t r a c t

A Monte-Carlo simulation package has been developed to model the response of a detector system for

ion identification used in conjunction with ion separators following nuclear reactions. The simulation is

written predominantly using the GEANT4 framework but utilises the ion transport code MOCADI for

accurate separator and reaction modelling. A novel MOCADI–GEANT4 interface has been developed to

utilise the parameter file output option of MOCADI as an event generator for the GEANT4 detector

simulation. Test simulation results have been compared with experimental data and excellent

agreement was observed. The simulation has successfully been used to model a new particle detection

system prototype (Lund-York-Cologne CAlorimeter (LYCCA)-0) and validate a method of ion

identification using energy and time-of-flight with this system.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

As experimental nuclear structure studies extend away from
stable nuclei and towards the proton and neutron drip-lines,
accessing more exotic isotopes becomes extremely difficult with
stable beams and targets. Therefore the future of nuclear structure
physics will need radioactive ion beams (RIBs) to produce the
nuclei of interest. One method of RIB production is projectile
fragmentation which is currently used by many accelerator
facilities worldwide with new facilities and upgrades at existing
laboratories planned to extend the range and quality of RIBs. The
nuclei to be studied will often be produced with small cross-
sections, thus the clean identification of all (non-light particle)
reaction products is essential. Spectroscopic studies in particular
will require accurate ion identification in order to ascertain the
origin of detected nuclear de-excitation radiation. Many techni-
ques and devices are currently employed to determine the charge
and mass of reaction products including electromagnetic spectro-
meters and solid state detector telescopes. New systems to
identify and select low cross-section reaction channels are
becoming increasingly complex, hence it is desirable to not only
ll rights reserved.

: +441904 432214.
be able to simulate the detector system to be utilised but also the
whole measurement environment including the reaction process.
Moreover, the added complexity and cost of new systems means
that simulating detector response becomes a crucial stage in their
design.

Various software packages and codes exist to simulate nuclear
reactions such as projectile fragmentation, transfer and Coulomb
excitation as well as the passage of ions through magnetic
separators. For example, reaction codes such as ABRABLA [1]
and EPAX2 [2] can calculate cross-sections and yields for
fragmentation reactions and GOSIA [3] and CLX [4] calculate
similar quantities for Coulomb excitation. MOCADI [5] and LISEþ
þ [6,7] incorporate EPAX2 to not only model the reaction process
but also the passage of the produced ions through a magnetic
separator. There also exists software to model particle detector
geometries and their response to ion implantation and radiation.
Software frameworks such as GEANT4 [8] and MCNP [9] allow the
user to define and model detector systems by tracking particles
and radiation through sensitive detectors. Although all of these
software packages are state-of-the-art and have been rigorously
tested and improved, some over many years, there does not exist a
software package to completely simulate detector response,
nuclear reactions at relativistic energies and magnetic separators
to produce simulated data in a format analogous to that collected
during a real experiment. Ideally, one would utilise some of these

www.sciencedirect.com/science/journal/nima
www.elsevier.com/locate/nima
dx.doi.org/10.1016/j.nima.2009.05.003
mailto:mjt502@york.ac.uk
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tried and tested programs to build a complete experimental
simulation package but difficulties arise at the interfaces between
the codes. A new simulation package has therefore been created
which incorporates some of the aforementioned programs along
with newly developed interfaces and modules.
2. Simulation overview

Fig. 1 shows a basic block diagram of the complete simulation
package which can be considered to consist of three main stages
with interfaces between each stage. The first stage is primarily
concerned with the generation of RIBs via projectile fragmentation
reactions. The reaction between a stable beam and target is
modelled and the resulting reaction products enter a device to
separate and select a particular fragment. The final part of stage 1 is
to model a secondary reaction involving the newly produced RIB to
produce and/or excite the nuclei to be studied.

The second stage of the simulation is concerned with the
tracking of the nuclei from stage 1 onto and through a virtual
particle detector system. Physics processes are invoked to
determine the results of interactions between the nuclei and the
sensitive detector material. The third and final stage takes the
simulated detector signals, digitises and stores them in a suitable
format for later analysis. Simple algorithms can also be applied at
this stage, the results of which can be histogrammed along with
the raw detector signals.
3. Software choices

The Monte-Carlo simulation framework GEANT4 was chosen to
model the particle detector elements for stage 2. GEANT4 has
been used extensively by the high energy physics community for
detector simulations but its capabilities are now being realised by
nuclear physicists. A GEANT4 user application can not only model
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Fig. 2. A detailed schematic diagram of the simulation package highlighti
the response of particle detectors but also model a number of
nuclear reactions and has the ability to track the passage of
charged particles through magnetic fields. Using GEANT4 to
simulate an ion separation device or nuclear reactions (in stage 1)
is not a trivial task and is also rather unnecessary as many such

tried and tested applications already exist (see Section 1).
Therefore, to simulate the passage of ions through an ion
separator in stage 1 the program MOCADI was chosen.

MOCADI allows the user to simulate a range of separators by
defining the corresponding magnets, collimators, slits and track-
ing detector materials. Fragmentation reactions incorporating the
Goldhaber momentum distribution [10] can also be modelled
with MOCADI with an option to output parameters describing the
ions at certain points in the separator setup to a text file.

The data analysis package ROOT [11] is the software chosen
with which to analyse the simulation results for stage 3. The ROOT
package contains a powerful data compression feature for the
storage of large correlated data sets. ROOT is written in Cþþ, as is
the GEANT4 framework and therefore can easily be linked with a
GEANT4 application negating the need for an interface between
stages 2 and 3 (Fig. 1). All of this makes ROOT an ideal choice for
the histogramming, storage and analysis of the simulated data.

Fig. 2 shows a more detailed schematic diagram of the
simulation package highlighting the three stages involved and
the need for only a single interface (between stages 1 and 2) due
to the outlined software choices.
4. Stage 1: MOCADI simulations

One advantage of using an external program such as MOCADI
to model a nuclear reaction and produce a file parameterising the
reaction products is that the file can be used repeatedly for
different detector geometries. This maintains a level of consis-
tency when optimising or investigating different detector config-
urations and also reduces the simulation running time as new
reaction products need not be generated after each detector
modification. MOCADI is used to simulate both the primary and
the secondary reactions, that is, the RIB production and the
production/excitation of the nuclei of interest. A MOCADI input
file is produced which describes all of the magnet elements,
collimating slits and tracking detector materials for the ion
separator being simulated as well as any reaction targets to be
used. A primary beam with, energy, spatial distribution and
divergence parameters is defined along with the number of
primary beam particles to be generated. After the primary
Tracking and
detection of
reaction
products

GEANT4
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simulated
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ng the software choices and their roles for each stage of the process.
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reaction between the beam and the first reaction target, the ion
optics are optimised for a particular intermediate fragment (see
Fig. 2). The intermediate fragments that emerge from the
separator can then impinge on a second reaction target. To
produce a range of secondary reaction products, MOCADI needs to
be run multiple times, once for each required ion type. For each
generated primary beam particle, the parameters describing each
intermediate and/or secondary ion are written to a file at every
user defined ‘save point’ that the ion successfully reaches in the
virtual separator setup. These save points can be used to evaluate
quantities such as position and energy loss in the separator
tracking detectors. After stage 1 of the simulation, the generated
parameter files need to be collated and modified in order to be
used in stage 2.
5. MOCADI–GEANT4 interface

The parameter files produced by MOCADI (stage 1) are used to
generate the ions in the GEANT4 application (stage 2) that will
interact with the detector system. As MOCADI was never
developed with this goal in mind, some modifications to the
parameter files need to be performed to produce files suitable for
stage 2. This is the interface stage shown in Fig. 2 and is a multi-
step process utilising scripts and programs developed using Perl
and Cþþ. Perl is a powerful scripting language with many file
manipulation commands and Cþþ is a multipurpose, high-level
object-oriented programming language in which GEANT4 is
written, making them both the languages of choice.

As mentioned in Section 4, MOCADI has to be run multiple
times if a range of nuclei are to be produced in the secondary
reaction. This is performed with a Perl script which substitutes
new A and Z values in the input file, from a pre-determined list, for
each required secondary reaction product. After each substitution,
the script executes MOCADI and appends an integer to each
outputted text file. Once all of the parameter files have been
generated another Perl script is used to separate the data into two
files, one containing all of the parameters describing the
intermediate fragments at each save point and another for
the secondary reaction products. This step is required as only
the secondary products are tracked by the GEANT4 application. As
MOCADI outputs the parameters for every surviving ion, produc-
tion cross-sections need to be applied to reflect the relative yields.
The EPAX2 production cross-sections are listed for each ion in the
corresponding output files. These are automatically retrieved and
then applied to the secondary products listed in the parameter file
by a Cþþ program. During the cross-section application process
the correlations between the intermediate and secondary ions are
preserved; any intermediate fragments that do not reach the
second reaction target are discarded. Once all of the modifications
have been applied, two parameter files exist describing the
correlated intermediate and secondary ions, which are then used
as input files for the next stage of the simulation.
6. Stage 2: GEANT4 application

Stage two of the simulation package consists of an application
written predominantly using the GEANT4 framework. Within the
code, each detector geometry is defined as well as the physics
processes that govern the ion interactions with the sensitive
detector regions. A new Cþþ class has been developed, Read-

MocadiEvent, to read the parameter files and pass the values to the
GEANT4 application event-by-event. For each event, the applica-
tion uses the GEANT4 particleGun class to create an ion, at a
particular spatial position, with mass, charge, energy and
trajectory, all defined by the read parameters. After creation, the
ion is tracked onto and through the complete detection system
geometry until it either leaves the specified ‘world volume’ or
comes to rest inside a detector medium. A Digitisation module, for
signal processing, is defined in the application for each detector
type. The module outputs digitised detector signals, for example,
deposited energy, position and time. The Digitisation method also
applies a Gaussian distribution, of specified width, to each signal
in order to simulate the time and/or energy resolution of the
detector and associated electronics. The application has a
graphical interface which allows the user to change the detection
system position and various detector resolution widths interac-
tively without the need to recompile the code.
7. Stage 3: ROOT analysis

The third and final stage of the simulation is the analysis,
histogramming and storage of the simulated detector signals.
ROOT histogram creation methods are called directly by the
GEANT4 application and the histograms are filled on an event-by-
event basis. The Analysis module can also be used to perform basic
signal analysis, for example, a time-of-flight calculation from the
difference between detector time signals. All of the user
calculated quantities and raw detector signals are stored in a
ROOT Tree object for post-simulation data analysis.
8. Simulation test case

8.1. Detector: LYCCA-0

LYCCA-0 is the first prototype of LYCCA (Lund-York-Cologne
CAlorimeter) [12], a device to identify nuclei following reactions
involving exotic radioactive beams. LYCCA will be used in the
HISPEC (High resolution In-flight SPECtroscopy) [13] programme
as part of the NuStAR (Nuclear Structure Astrophysics and
Reactions) [14] collaboration at the international facility FAIR
(Facility for Anti-proton and Ion Research) [15]. The system will
consist of separate detector modules which can be positioned in a
variety of geometries and will use an energy loss (DE), residual
energy ðErÞ and time-of-flight (TOF) method to identify nuclei
following the secondary reaction. Each LYCCA-0 module has a
6� 6 cm2, 300mm thick, position sensitive DSSSD (Doubled-Sided
Silicon-Strip Detector) for accurate particle tracking and charge
identification through energy loss; 5 mm behind each DSSSD
resides one or more CsI(Tl) scintillation detectors to record the
residual energy as the particles come to rest. Two types of CsI
detector will be used, 5:4� 5:4 cm2, 1 cm thick and 19� 19 mm2,
11 mm thick. The 19� 19 mm2 square detectors will be arranged
in a 3� 3 array to obtain a similar active area as one of the 5:4�
5:4 cm2 detectors. For the TOF measurement the start timing
detector will be a 3� 3 array of 19� 19 mm2, 200mm thick CVD
(Chemical Vapour Deposition) polycrystalline Diamond detectors
positioned 1 cm behind the secondary reaction target. Three
different detector options are being considered for the stop timing
measurement at the position of the LYCCA modules; a large area
fast plastic scintillator, Diamond detectors or the DSSSD them-
selves.

8.2. Reaction: two-step fragmentation

One of the methods of radioactive ion beam production at
HISPEC will be projectile fragmentation. Intermediate fragments
will be separated using the FAIR/NuStAR fragment separator
Super-FRS (Superconducting FRagment Separator) [16]. Although



the primary reaction before the Super-FRS may be of fragmenta-
tion type the second reaction to populate excited states in the
nuclei of interest can take many forms including a second
fragmentation reaction. The use of fragmentation reactions with
RIBs poses many challenges, in particular the identification of the
reaction products with broad energy and momentum distribu-
tions. The simulation is an ideal tool to investigate ion identifica-
tion techniques with LYCCA-0 following two-step fragmentation
reactions.

The sequence of reactions 58Ni þ 9Be ! 55Ni, 55Ni þ 9Be !
53Ni was chosen for the test case as real experimental data exist
against which the simulation results can be compared. The data
are from an experiment that was performed during the first
RISING (Rare Isotope Spectroscopic INvestigation at GSI) [17] fast
beam campaign to study the Tz ¼ �

3
2 nucleus 53Ni [18–20].

A 600 MeV/u 58Ni beam was incident on a 4 g=cm2 9Be target
and 55Ni reaction products were tracked and separated by the
existing GSI fragment separator FRS [21]. A range of intermediate
fragments resulted from the primary reaction; however, for the
simulated reaction an assumption has been made that in the
analysis of real experimental data from fragment separator
devices there would be unique identification of the intermediate
fragments on an event-by-event basis. This was indeed achieved
for the RISING experiment and thus the need to simulate reaction
products other than 55Ni was deemed unnecessary. The selected
55Ni ions were then incident on another 9Be target of thickness
700 mg=cm2 where a second fragmentation reaction occurred.
Again a large range of nuclei were produced following the
secondary reaction along with the 53Ni nuclei of interest. These
secondary reaction products were identified using a combination
of energy loss (Z) and total implantation energy (A) by the CATE
(CAlorimeter TElescope) detector [22]. CATE measured fragment
energy loss using an array of Si (DE) detectors and residual energy
using an array of CsI (Er) detectors located directly behind the
Si. The intermediate fragment energy range for which the
simulation package is applicable is dictated by the separating
device being simulated. The FRS can analyse all ion beams of
hydrogen through to uranium spanning energy ranges of 0.8–4.5
and 0.2–1.3 GeV=u, respectively [21].

Fig. 3a shows the DE versus Et spectrum created from the CATE
detector signals where Et ¼ DEþ Er . Fig. 3a highlights the large
range of secondary fragments produced and thus the need for
good ion identification. Fig. 3a also shows that fragments with
differing charge are fairly distinguishable. Fig. 3b shows the Fe
gated projection of Fig. 3a onto the total energy ðxÞ axis. As the
total fragment energy is mass dependent, it was originally
envisaged that the selection of a particular isotope, for prompt
g-ray correlations, would be possible from the measured total
energy. However, Fig. 3b clearly shows that for this type of
reaction and mass region, this was not possible with the CATE
detector system. From this reaction the isotopes of Fe with the
largest production cross-sections (calculated with EPAX2) are 52Fe
(s ¼ 31:1 mb) and 53Fe (s ¼ 52:8 mb) which cannot be resolved in
Fig. 3b. This is just one of the reasons behind the development of
LYCCA: to achieve complete fragment identification in Z and A in
order to produce clean g-ray spectra for specific nuclei.
8.3. LYCCA-0 simulation

Fig. 4 shows the positions and geometries of the LYCCA-0
detector elements as defined in GEANT4. This version of the
simulation incorporates the three different stop timing detector
options, fast plastic, Diamond and Si and the LYCCA-0 modules are
located such that the nominal secondary target-Si detector
distance is 3.4 m.

The CsI detectors located behind the Si detectors are also
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nuclear physics solid state detector materials except for the
Diamond detectors which have an increased carbon density of
3:5 g=cm3, as per real CVD Diamond. The default resolutions
imposed on the simulation detectors are summarised in Table 1
although these values can be modified interactively between each
simulation run along with the target-detector module distance.

The definition of a ‘good’ event, within the simulation, is one
that produces a start timing signal in the target position Diamond
detectors, a stop timing signal in any one of the three stop timing
detectors and DE, Er signals in the Si and CsI detectors,
respectively. This imposes a range of secondary fragment energies
for which the simulation is applicable as the physics to be
addressed requires the ions being studied to not only reach and
deposit energy in the CsI detectors but also stop and not punch
through. For the LYCCA-0 setup this energy range was determined
for 12C and 208Pb fragments to be 20–105 and 55–445 MeV=u,
respectively. If an event fulfils the ‘good’ event criteria the
application reads in the corresponding intermediate fragment
Table 1
Default full-width half-maximum (FWHM) values and units for the LYCCA-0

detector resolutions along with the acceptable ranges for the interactively

changeable values.

Detector Signal Units Range Default value

Diamond Energy % �
a 1.0

Time ns 0–1000 0.05

Plastic Energy % 0–100 2.0

Time ns 0–1000 0.1

Si Energy % 0–100 1.0

Time ns 0–1000 0.2

CsI Energy % 0–100 0.5

a Not changed interactively.

Energy (MeV)
6000

Δ 
E

 (M
eV

)

160

180

200

220

240

260

280

Ni

Fe

S

6500 7000 7500 8000 8500

Fig. 5. (a) (same as in Fig. 3a) CATE DE versus Et spectrum created with real experim

Simulated data, no particle-g requirement and no Rutherford scattered 55Ni fragmen

labelled fragment species.
parameters and digitised FRS tracking detector signals are
produced. All of the detector signals for ‘good’ events are passed
to the Analysis module for storage and histogramming.
9. Simulation results

This section will present some of the results from various
investigations utilising the new simulation package for the
reactions defined in Section 8.2 and the detector system defined
in Section 8.1. For brevity the results shown use only the Diamond
detectors for timing information and therefore the fast plastic
detector was removed from the setup and the number of LYCCA-0
module Diamond detectors was increased to cover the same
active area as the Si. Also, the final incarnation of the LYCCA
detector system will incorporate only one type of timing detector
and therefore the results presented here would have extra
significance if Diamond was chosen.

9.1. A � 50

To truly validate simulation results, a comparison must be
made with real experimental data. Fig. 5a shows, for comparison,
the same CATE DE (Si) versus Et ðSiþ CsIÞ plot as shown in Fig. 3a,
along side Fig. 5b which is a similar plot created using the
simulated LYCCA-0 Si and CsI detector signals. Unlike the
simulated data the experimental data required a particle-g
coincidence condition which accounts for the difference in the
relative fragment yields between the two plots. Also the
Rutherford scattered 55Ni intermediate fragments are not
simulated but could be if required. The A � 50 event files were
created using � 1:1� 106 primary beam particles which was the
maximum number allowed for this reaction without exceeding
the 2 GB file size limit. This resulted in � 9:7� 105 secondary
events for a total of 91 fragment species with production
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cross-sections 41mb. This yielded isotopes of 53;54Ni, 49253Fe and
30238S for the fragment species labelled in Fig. 5. The simulation
system runtime for these events was 45 s using a laptop PC with an
Intel Pentium Centrino 2 GHz processor.

The primary purpose of the simulation of LYCCA-0 is to
investigate fragment identification from energy and TOF measure-
ments. Selecting Z ¼ 26 (Fe) fragments a TOF versus energy (Et)
spectrum was produced using the start and stop timing signals
from the CVD Diamond detectors. Fig. 6a shows the result of this
analysis for a target-Si detector distance of 2 m (actual TOF path
1.98 m) and Fig. 6b for a distance of 3.4 m, the distance planned for
LYCCA-0. Isotopic separation is clearly improved for the longer
TOF path due to the fixed timing resolution (50 ps FWHM) of the
Diamond detectors and four distinct regions can clearly be seen
corresponding to the isotopes 50253Fe. Figs. 6c and d show the
same analysis but for sulphur isotopes. The isotopic separation is
already very good at 2 m for the sulphur isotopes and becomes
excellent when the distance is increased to 3.4 m. The separation
improvement for low mass fragments over higher masses is
predominantly due to the Si and CsI detector energy resolutions
(1.0% and 0:5% FWHM, respectively) being a percentage of the
measured energy. Hence the resolution decreases as the fragment
mass increases.

An advantage of simulating detector systems is that acceptable
detector properties, such as time resolution, can be investigated
before any physical detectors are purchased. The simulation was
used to determine the minimum acceptable resolution of the
Fig. 6. Simulation results: TOF versus energy (Et) spectra for two fragment types and t

(d) S and 3.4 m.
timing detectors for which clean fragment identification was
possible using the proposed technique. Fig. 7a shows an Fe
(Z ¼ 26) gated, TOF versus Et plot for a target-Si distance of 3.4 m
but with a Diamond detector time resolution of 100 ps FWHM and
Fig. 7b for 150 ps FWHM. Fe isotopic separation is just visible for
the 100 ps case and disappears completely for 150 ps resolution.
This analysis shows that a timing detector resolution of much less
than 100 ps is required for A � 50 fragment identification using
the TOF-DE2Et technique with the Si, CsI energy resolutions
unchanged.
9.2. Intermediate-secondary fragment correlations

The secondary fragment identification technique, as outlined
in Section 8.1, requires the measurement of the fragment energy
and TOF. Fig. 6 showed that isotopic separation (i.e. mass
‘resolution’) became less pronounced as the fragment mass
increased and the TOF path decreased, also Fig. 7 showed a
deterioration as the timing detector resolution decreased. To
address these technique limitations, an investigation into the
possibility of mass resolution improvement through correlations
with the intermediate fragments was performed. The simulation
allows the user to investigate correlations between the LYCCA-0
and the FRS tracking detector signals. As the intermediate
fragments pass through the FRS, ðx; yÞ position information from
multiwire proportional counters, timing from scintillation detec-
wo target-Si detector distances. (a) Fe and 2 m, (b) Fe and 3.4 m, (c) S and 2 m and
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Fig. 7. TOF versus Et spectra for 49253Fe fragments with Diamond timing detector resolutions of (a) 100 ps and (b) 150 ps.
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tors and energy loss from an ionisation chamber are all recorded.
Within the simulation, the user can also access particle char-
acteristics at any position in the experimental setup without the
need for a virtual detector at that position. For example, the
energy of a 55Ni intermediate fragment can be accessed
immediately before the second reaction target.

Firstly, the intermediate fragment energies were plotted
against Et for Fe secondary fragments to ascertain whether a
correlation exists. The result of this analysis is shown in Fig. 8
where a definite correlation between the two quantities can be
seen.

Fig. 9a shows the intermediate fragment energy, taken directly
before the second reaction target, plotted against the Fe secondary
fragments mass which is calculated from energy and TOF as
measured by the LYCCA-0 CsI and Diamond detectors,
respectively. Fig. 9b shows a projection of 9a onto the mass (x)
axis. Although distinct peaks relating to the different Fe fragment
masses can be seen in Fig. 9b, Fig. 9a shows that this spectrum
could clearly be improved if the semi-major axes of the
distributions were all vertical. It is also important to note that
the calculated fragment mass numbers (A) are incorrect as the
largest distribution should result from 53Fe fragments. The
observed correlation and incorrect mass numbers in Fig. 9 are
due to the exclusion of the energy lost in the timing and Si
detectors situated in the fragments flight path. For the best
possible fragment mass identification, using only information
gained from the LYCCA-0 detectors, an accurate measurement of
the fragments total energy is required. In reality the energy
resolution of the Diamond and Si detectors may be significantly
different from that estimated for such high energy fragments. If
this is the case, the measured energy loss in these detectors, when
included in the mass calculation for Fig. 9, may not result in any
significant improvement in mass separation. Also, the final LYCCA-
0 detectors will be chosen and tailored for specific measurements.
For example, the TOF detectors will be chosen purely on the basis
of timing characteristics, not energy resolution, and therefore only
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timing signals may be collected from these detectors. In fact, it
may be that calculating the energy loss in the timing and Si
detectors yields far less uncertainty than actual measurement.
It may be possible to improve Fig. 9b with the incorporation of the
calculated energy loss in each detector determined by the
fragments flight path. The fragment trajectory would be
deduced from the segmentation and position sensitivity of the
detectors. These calculations and analysis are beyond the scope of
this article, but they demonstrate effectively how the simulation
may be used to determine the optimum experimental
configuration and analysis methodology. Fig. 9 ultimately shows
that fragment mass resolution could be improved with the
accurate knowledge of either the intermediate or the secondary
fragment energy along with the measured TOF across the LYCCA-0
detectors.
9.3. A � 100

Experiments performed at HISPEC would not be limited to
nuclei with A � 50 or less and therefore determining the validity
of the identification technique for higher mass fragments is
crucial. The simulation is ideally suited for this and can help to
establish any limitations by simulating a variety of experiments
with the nuclei of interest covering a large mass and energy range.
A two-step fragmentation reaction was simulated to produce
nuclei in the A � 100 region. A primary beam of 112Sn at 635 MeV
was used to produce 110Sn intermediate fragments which were
then used to produce 1042107Cd secondary fragments. The reaction
targets, FRS tracking detectors and LYCCA-0 detector system
remained unchanged from the Ni reaction.
Fig. 10 shows the result of plotting the TOF versus Et for the Cd
reaction, for a target-Si detector distance of 3.4 m. The detector
resolutions imposed for this analysis are as per Table 1 and the
plot does not show clear isotopic separation for the Cd isotopes.

Fig. 11 shows the calculated mass distributions for the Cd
isotopes from TOF (Diamond) and energy (CsI only) measurements.
Although the centroids of the individual mass distributions are
separated the resolution is of the order of three mass units and
therefore the clean selection of a particular isotope would be
extremely difficult without contamination from neighbouring
isotopes. This analysis starts to highlight the limitations of the
fragment identification technique with the described setup for
experiments involving A � 100 fragments and indicates that for this
mass region, additional selection devices are likely to be required.
10. Summary

A new simulation package has been developed which utilises the
ion transport code MOCADI to generate parameters describing
realistic ions following a fragmentation reaction which are tracked
through a separator device. The output from MOCADI is modified
into a format which can then be read by the next stage of the
simulation which is an application written using the GEANT4
framework. The secondary fragments are tracked through the virtual
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detector system and parameters such as energy loss, interaction
position and time are digitised and passed to an analysis module.
The simulation uses the data analysis software ROOT to histogram
and store the digitised detector signals. This allows the user to
perform data analysis on the simulated data in much the same way
as one would with real experimental data. The simulation has been
used to successfully model a new detector system prototype, LYCCA-0,
which in the first instance will be used to identify reaction products
following two-step fragmentation reactions. The results from this
have been used to validate an ion identification technique which uses
fragment time-of-flight and energy as measured by LYCCA-0 modules.
The simulation package can presently be downloaded via the LYCCA
web page: http://www.nsg.nuclear.lu.se/lycca/.
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N. Al-Dahan,1,2 Zs. Podolyák,1,* P. H. Regan,1 M. Górska,3 H. Grawe,3 K. H. Maier,4 J. Gerl,3 S. B. Pietri,3 H. J. Wollersheim,3

N. Alkhomashi,1 A. Y. Deo,1 A. M. Denis Bacelar,5 G. Farrelly,1 S. J. Steer,1 A. M. Bruce,5 P. Boutachkov,3

C. Domingo-Pardo,3 A. Algora,6,7 J. Benlliure,8 A. Bracco,9 E. Calore,10 E. Casarejos,8 I. J. Cullen,1 P. Detistov,11
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The nuclear structure of neutron-rich N > 126 nuclei has been investigated following their production via
relativistic projectile fragmentation of a E/A = 1 GeV 238U beam. Metastable states in the N = 128 isotones
208Hg and 209Tl have been identified. Delayed γ -ray transitions are interpreted as arising from the decay of
Iπ = (8+) and (17/2+) isomers, respectively. The data allow for the so far most comprehensive verification of
the shell-model approach in the region determined by magic numbers Z < 82 and N > 126.
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The understanding of how shell structure arises and devel-
ops is a major goal in contemporary nuclear physics. To this
end, it is of particular importance to measure the properties
of nuclei in the vicinity of closed shells. Information on the
single-particle energies, proton-neutron interactions, and two-
body residual interactions can be derived from experimental
observables such as masses, energies of excited states, and
transition probabilities [1].

Furthermore, information on the global behavior of nuclei
can be obtained from the energy spacing of the lowest lying
states in even-even systems. Recently, it was shown that there
is direct empirical correlation between the p-n interaction
strength and the growth of collectivity determined from the
energies of the first 2+ and 4+ excitations [2]. The p-n
interaction [2–4], especially among valence nucleons, is an
important factor in controlling the onset and development
of collectivity and deformation in nuclei and in determining
the structure of nuclear transition regions. However, there
is no double-magic nucleus (above mass 48), around which

*Corresponding author: Z.Podolyak@surrey.ac.uk

spectroscopic data are available in all four quadrants beyond
the one- and two-particle neighbors.

Although many nuclei in the 208Pb region have been studied,
we have no information on the excited states of even-even
nuclei in the “southeast” quadrant defined by Z < 82 and
N > 126. Yet, such nuclei, representing the particle-hole
sector surrounding 208Pb, are critical for understanding the
effects of seniority, the onset of proton-neutron configuration
mixing that drives collectivity and nuclear deformation. This
study provides the first spectroscopic data on an even-even
nucleus in this region, namely 208Hg, and it allows the first
detailed verification of the shell-model approach and nucleon-
nucleon interaction in this region away from the semi-magic
nuclei and the particle-hole neighbor 208Tl [5]. Recently, the
mass of 208Hg was measured [4], allowing the extraction
of the average p-n interaction for 210Pb, the first value in
the proton-hole-neutron-particle quadrant. The combination
of mass and spectroscopic data is essential in understanding
the evolution of structure near doubly magic nuclei. Indeed,
it has recently been shown that the link between masses and
structure is stronger and more sensitive than hitherto thought
[6]. Furthermore, because the newly accessible region near
132Sn [7] shares many similarities with the Pb region, studies

0556-2813/2009/80(6)/061302(5) 061302-1 ©2009 The American Physical Society
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in the latter may have broader implications for the former and
for other doubly magic regions in exotic nuclei.

To date, our knowledge of the properties of heavy neutron-
rich nuclei at or near the N = 126 shell is very limited.
In the case of nuclei with Z < 82 and N > 126, excited
states were reported only in 208Tl [8] and 209Tl [9,10]. The
lack of information on nuclei in this region is mainly from
the difficulties in creating and populating excited states in
these neutron-rich nuclei. Fragmentation has proven to be an
efficient tool for producing exotic nuclear species, and when
combined with high sensitivity γ -detection arrays, structural
information can be gained for otherwise inaccessible nuclei.
The highest sensitivity is achieved with both isomeric and
β-delayed γ -ray spectroscopy techniques; delayed γ rays
are time-correlated with individually identified ions, thereby
minimizing the associated background radiation [11–13].
Information on the excited states populated in this way can be
obtained when producing only a few hundred nuclei of interest
[12]. In this rapid communication, results on the structure of
heavy neutron-rich nuclei with N > 126 are reported. Isomeric
states in the N = 128 isotones 208Hg and 209Tl have been
identified for the first time. Preliminary experimental results
have been reported in conference proceedings [14,15].

Heavy neutron-rich nuclei were populated in relativistic
energy projectile fragmentation. The primary 238U beam at
an energy of E/A = 1 GeV was provided by the SIS-18
accelerator at GSI, Darmstadt, Germany. The maximum
primary beam intensity was ∼109 ions/spill. The �2 s spills
were separated by �2 s periods without beam. The 238U ions
impinged on a target composed of 2.5 g/cm2 9Be +
223 mg/cm2 Nb, where the Nb foil serves for electron stripping
of the reaction products. The nuclides of interest were selected
and identified in flight on an event-by-event basis by the
Fragment Separator (FRS) [16]. The FRS was optimized for
the transmission of 205Pt ions. Details of the experiment and

particle identification technique are given in Refs. [14], [15],
and [17–19]. The transmitted (and identified) ions were slowed
down in a variable-thickness aluminium degrader and finally
implanted in an active stopper. The total number of implants
included ∼700 208Hg and ∼620 209Tl nuclei.

The stopper covered an area of 15 × 5 cm2 and had a
thickness of 2 mm. It consisted of six double-sided silicon
detectors, each of size 5 × 5 cm2 and 1 mm thickness [20].
It was surrounded by the Rare Isotope Investigations at GSI
(RISING) germanium array in the “Stopped Beam” config-
uration. The array consists of 15 Euroball cluster germa-
nium detectors and has a photopeak efficiency of ∼15% at
661 keV [18].

Correlated with the implanted ions, γ decays following both
internal decay and β decay have been recorded. The particle
identification is confirmed by the observation of the previously
reported isomeric decays in 204Au [21], 205Au [21,22], and
206Hg [23]. The γ -ray spectrum as well as the decay curve
associated with 206Hg are shown in Fig. 1(a). The half-life
of the Iπ = 10+ isomeric state obtained in our work, T1/2 =
96(15) ns, is in good agreement with the previously measured
value of T1/2 = 92(8) ns [23].

Evidence of decays from isomeric states in the N =
128 isotones 208Hg and 209Tl is observed. Delayed γ rays
associated with 208Hg nuclei are shown in Fig. 1(b). Three
γ -ray transitions with energies 203, 425, and 669 keV, together
with characteristic Hg Kα X rays are identified. The three γ -ray
transitions are in mutual coincidence, and they have similar
half-lives within experimental uncertainties. The measured
half-life is T1/2 = 99(14) ns [see inset to Fig. 1(b)]. The
measured relative γ -ray intensities are Iγ (669.0) = 100(16),
Iγ (424.9) = 107(16), and Iγ (203.0) = 77(11). Assuming that
the three γ -ray transitions form a single cascade, the total
transition intensities have to be equal, and the conversion
coefficient of the 203 keV transition can be determined
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TABLE I. Comparison between experimental and shell-model
B(E2) transition strengths. Values are given in Weisskopf units.
Effective charges of 1.5 e for protons and 1.0 e for neutrons were
assumed.

Nucleus Transition B(E2)exp B(E2)calc

210Pb 8+ →6+ 0.64(7) [28,29] 0.69
206Hg (10+) →(8+) 0.99(18) [23,30] 0.87
208Hg (8+) →(6+) 1.95(39)–1.58(22)a 1.22
209Tl (17/2+) →(13/2+) 1.87(22)–1.51(18)a 0.96

aAssuming a transition energy between 20 and 80 keV.

(the other transitions are considered to have E2 character):
α = 0.36(6). This suggests that the 203 keV transition has E2
(αthe = 0.37) character. The amount of Kα X rays following the
conversion electron emission is in agreement with the observed
intensity.

In 209Tl, an isomeric decay in a similar time range is in
evidence. γ rays with energies of 137, 323, and 661 keV,
together with the characteristic Tl Kα X ray are identified
[see Fig. 1(c)]. The 137, 323, and 661 keV transitions are in
mutual coincidence, and their half-lives agree within errors.
Therefore, they form a cascade. No parallel branches are
observed. From the γ -ray intensities, Iγ (323.1) = 100(15),
Iγ (661.2) = 96(19), and Iγ (136.8) = 41(10), the conversion
coefficient of the 137 keV transition can be determined: α =
1.5(4), suggesting that it is an E2 (αthe = 1.60). The amount
of Kα X rays following the conversion electron emission is in
agreement with the observed intensity. The measured half-life
is T1/2 = 95(11) ns [see inset to Fig. 1(c)].

To obtain a quantitative understanding of the underlying
single-particle structure of the excited states in the N =
128 nuclei 208Hg and 209Tl, shell-model calculations have
been performed. The OXBASH code [24] was employed. The
model space considered consisted of the proton orbitals
2d5/2, 2d3/2, 3s1/2, and 1h11/2 below the Z = 82 closed

shell and the neutron orbitals 2g9/2, 1i11/2, and 1j15/2 above
the closed N = 126 shell. Therefore, no core excitations
across the 208Pb double-shell closure are allowed. The single
proton-hole and neutron-particle energies are taken from the
experimental spectra of 207Tl and 209Pb, respectively. The two-
body interaction matrix elements (TBMEs) are from Ref. [25].
These are based on the Kuo-Herling realistic interaction
[26] for proton-proton and neutron-neutron TBMEs derived
from a free nucleon-nucleon potential with core polarization
renormalization needed due to the finite model space. The
proton-neutron interaction is the bare H7B G matrix [27]
without core polarization as justified in Ref. [25]. The only
additional correction made in this work is a shift of +40 keV
to the (νg9/2)2

8+ TBME to get the correct ordering of the 6+ and
8+ sequence in 208Hg. The interaction reproduces very well
binding energies, excited states, and B(E2) transition strengths
(see Table I) in the two-proton-hole and two-neutron-particle
nuclei 206Hg and 210Pb.

The 208Hg nucleus has two-proton holes and two-neutron
particles outside the doubly magic 208

82Pb126 core. The results
of the shell-model calculations are shown in Fig. 2. The
comparison with the experimental information suggests an
8+ assignment for the observed isomer. The three observed
transitions at 669, 425, and 203 keV correspond to the
6+ → 4+ → 2+ → 0+ sequence. The 8+ → 6+ transition
is not observed because of the high conversion coefficient
at low energies. All these states are of predominantly νg2

9/2
character. The low intensity of the observed Kα X ray
indicates that the energy of this missing transition is below the
binding energy of the K electron (i.e., below 83.1 keV). The
transition strength extracted from the experiment is slightly
larger than the calculated value of B(E2) = 1.22 W.u. (see
Table I). The ground-state mass [4] is well reproduced by the
calculations.

The 209Tl nucleus has one-proton-hole and two-neutron-
hole particles outside the doubly magic 208

82Pb126 core. The
calculation (see Fig. 2) suggests a 17/2+ isomeric state that
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FIG. 3. (Color online) Systematics of the
E(2+) energies and the E(4+)/E(2+) energy
ratios for even-even nuclei around 208Pb. The
red box with a black square is from the current
work on 208Hg.

would decay via the 17/2+ → 13/2+ → 9/2+ → 7/2+ →
3/2+ → 1/2+ sequence. The isomer has predominantly a
ν(g9/2)2

8+πs1/2 character and decays via an unobserved low-
energy E2 transition into the mainly ν(g9/2)2

6+πs1/2 13/2+
state. The 137 and 661 keV lines are interpreted as the
13/2+ →9/2+ and 7/2+ →3/2+ transitions, respectively.
The low-energy 9/2+ →7/2+ allowed M1-transition connect-
ing states with a (νg9/2)2

4+πs−1
1/2 configuration is not observed.

The low intensity of the observed Kα line indicates that
the energies of both unobserved transitions are below the
binding energy of the K electron (i.e., below 85.5 keV). The
γ -decay scenario is a consequence of the (210Pb; I ) × s1/2

weak-coupling structure of 209Tl, which forbids �I = 2 M1
transitions as reflected in the shell-model wave functions.

The region around the doubly magic nucleus 208Pb presents
a unique testing ground of basic nuclear physics concepts.
With the new results on 208Hg, this is the only region of
the nuclide chart above 48Ca where information is available
on excited states on all four neighboring even-even nuclei
(see Fig. 3). The general trend is that with an increasing number
of valence protons and neutrons, the yrast E(2+) energy
decreases and the E(4+)/E(2+) ratio increases toward 3.3.
By concentrating on two-proton, two-neutron nuclei outside
the closed shell, one observes that the 2+ energies are similar,
∼700 keV, for three of these nuclei (208Hg, 212Po, and 206Po)
but much lower for 204Hg. Likewise, the E(4+)/E(2+) ratio
is around 1.6–2.0 for the former three and much larger for
204Hg. This is understood by considering the individual proton
and neutron orbitals around the closed shell. For example,
in 208Hg, the predominant character of the observed yrast
states is (νg9/2)2

8+. Therefore, their energies can be directly
compared with the corresponding states in the two-neutron
nucleus 210Pb. The energies of the 4+, 6+, and 8+ states are
very similar, indicating that the proton admixture into these
states in 208Hg is small. However, the 2+ state in 208Hg is
130 keV lower than in 210Pb. The lowering is primarly caused
by mixing the πs1/2d3/2 configuration (which is predominant

in the 2+ state of 206Hg) with the (νg9/2)2
2+ partition. A similar

constellation preserves the dominant πg2
9/2 configuration in

208,210,212
84Po. In contrast, 204Hg is governed by j = 1/2–5/2

low-spin orbitals resembling the classical deformation driving
the SU(3) structure in the sd shell and the f5/2, p shell
above 56Ni.

From mass measurement, it was shown [4] that the general
rule that the average p-n interaction is large if both protons
and neutrons are above or below the shell closure, and small
if one of them is above and the other below such a closure,
applies for the nuclei around 208Pb [4]. However, as we see
in Fig. 3, this symmetry does not apply if we look into
energies of the simplest excitations. To understand the exci-
tation spectrum of nuclei, configuration-specific information
about the nucleon-nucleon interaction is needed [31]. The
information on the excited states of 208Hg and 209Tl obtained
in our work tests this configuration-specific nucleon-nucleon
interaction.

In summary, we have identified metastable states in the
N = 128 isotones, 208Hg and 209Tl. The data provide the
first comprehensive experimental test of shell-model calcula-
tions and residual interactions for the model space Z < 82,
N > 126. Our results and those of Ref. [4] represent the
beginnings of nuclear structure studies in this entire, hitherto
unknown, major shell quadrant to the “southeast”of 208Pb.
Other experiments, extending this information further into
the quadrant in the direction toward increasing the neutron
number and/or decreasing the proton number, although very
challenging, would be highly valuable.
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The relativistic projectile fragmentation of a 750 MeV per nucleon beam of 107Ag was used to populate isomeric
states in neutron-deficient nuclei around A = 80–90. Reaction products were separated and unambiguously
identified using the GSI FRagment Separator (FRS) and its ancillary detectors. At the final focal plane, the
fragments were slowed from relativistic energies by means of an aluminium degrader and implanted in a passive
stopper in the center of the high-efficiency, high-granularity Stopped Rare Isotope Spectroscopic INvestigation
at GSI (RISING) germanium array. This allowed the identification of excited states in the N = Z nuclei 86

43Tc
and, for the first time, 82

41Nb. Isomeric states have also been identified for the first time in 87,88Tc, and a previously
unreported isomer was observed in 84Nb. Experimental results are presented along with a discussion on the
structure of these nuclei based on interpretations provided by several theoretical models.

DOI: 10.1103/PhysRevC.80.064303 PACS number(s): 29.30.Kv, 23.20.Lv, 23.35.+g, 27.50.+e

I. INTRODUCTION

The region of nuclei close to the N = Z line between
56Ni and 100Sn is a region containing a diverse mixture of
nuclear structure features. A low density of single-particle
energy levels between the spherical magic numbers 28 and
50 leads to the appearance of prominent shell gaps at oblate

*Present address: TRIUMF, 4004 Wesbrook Mall, Vancouver, BC,
Canada V6T 2A3; garns@triumf.ca
†Present address: Institute of Physics Polish Academy of Science,

Al. Lotników 32/46, PL-02-668 Warsaw, Poland.

(N,Z = 34, 36), spherical (40), and prolate (34, 38) shapes
[1]. In nuclei close to N = Z, neutrons and protons occupy
the same single-particle levels. This feature reinforces the
tendency for the nucleus to assume a deformed shape and
leads to dramatic shape changes with the addition of only a
few nucleons [2] or a few hundred keV of excitation [3]. This
situation produces several opportunities for excited nuclear
states to become long-lived. Shape isomers are possible in
this region [3], and the presence of both low-j (2p1/2, 2p3/2)
and high-j (f5/2, g9/2) orbitals can lead to spin-trap isomeric
states [4,5]. Toward the top of the shell, nuclear shapes become
softer and the N = Z line moves through a transitional region.
The proximity now to the N and Z = 50 shell closures also

0556-2813/2009/80(6)/064303(12) 064303-1 ©2009 The American Physical Society
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makes seniority isomers an important consideration [6]. The
identification and interpretation of isomeric states in this region
can lead to important insights into the wide variety of nuclear
structure features at play.

The study of N ∼ Z nuclei also has important implications
in the understanding of explosive nucleosynthesis in nuclear
astrophysics. It has been suggested that in x-ray emitting
binary systems, nuclei are synthesized via the rapid proton
capture process (rp-process) [7] in which a sequence of
proton captures and β decays is responsible for the burning
of hydrogen into heavier elements. The rp-process proceeds
through the exotic mass region with N ∼ Z above 56Ni close to
the proton dripline. Modern reaction network calculations [8]
have suggested that the rp-process can extend up to the heavy
Sn-Te mass region, involving nuclei of interest in the current
study. Because the detailed reaction rates depend sensitively
on the nuclear structure, any information on the low-energy
levels of relevant nuclei is potentially of significant importance
for such calculations [9].

Projectile fragmentation provides a viable mechanism with
which to populate nuclei far from the valley of stability.
Long-lived nuclear states present the opportunity to study
excited states and structure in exotic nuclei. Several studies
involving the fragmentation of heavy ion beams of 92Mo
[10], 106Cd [11,12], and 112Sn [13,14] have been carried
out to study N ≈ Z nuclei between A = 80 → 100. This
article presents experimental results of isomer spectroscopy
performed on nuclei populated after the fragmentation of 107Ag
projectiles. The structure of the excited states observed in
these nuclei is discussed in the framework of the shell model,
projected shell-model (PSM), and configuration-constrained
total Routhian surface (TRS) calculations.

II. EXPERIMENTAL DETAILS

The experiment was performed as part of the Rare Isotope
Spectroscopic INvestigation at GSI (RISING) project [15],
an international collaboration using relativistic projectile
fragmentation (or fission) reactions to study many aspects of

nuclear structure. In the current experiment, the first of the
“Stopped beam” campaign, a primary beam of 107Ag ions
with 750 MeV per nucleon was provided by the SIS-18 Syn-
chrotron located at Gesellschaft für Schwerionenforschung
(GSI). The beam was incident on a 4-g/cm2 Be production
target. The products from projectile fragmentation reactions
were transported to the focal plane of the GSI FRagment
Separator (FRS) [16], which was operated in achromatic
mode. Each transmitted ion was unambiguously identified by
measurements of time-of-flight (TOF), position, and energy
loss (�E) in a series of beamline detectors whose relative
positions are shown schematically in Fig. 1. These parameters,
when combined with the magnetic rigidity of the dipole
magnets, are used to extract the mass-to-charge ratio, A/q,
and Z of the transmitted ions on a particle-by-particle basis. In
this Bρ − �E − Bρ identification method (where Bρ means
magnetic rigidity), a 3.7 g/cm2 degrader was used at the
central focal plane of the FRS (S2 degrader). Further details of
the particle identification analysis can be found in Refs. [16]
and [17].

After separation and identification, the ions were slowed
in a variable-thickness aluminium degrader (S4 degrader) and
brought to rest in a multilayer perspex stopper with a total
thickness of 7 mm. This passive stopper is located at the central
focus of the Stopped RISING germanium array [17,18]. This
high-efficiency, high-granularity array consists of 105 hyper-
pure germanium detectors arranged in 15 clusters of seven
crystals each. The clusters are arranged in three rings at 51◦,
90◦, and 129◦ to the secondary beam axis. Gamma rays emitted
in the decay of isomeric states are detected in the array and
correlated with the arrival of the associated ion. The array has
a singles full photopeak efficiency of 11% at 1.3 MeV [18]
without add back, and because of the passive stopper being
located in air, the absence of a beam pipe between the decaying
nucleus and the detectors leads to a γ -ray singles photopeak
efficiency of ∼34% at 80 keV (with a perspex stopper).

The XIA digital pulse processors (digital gamma finder)
DGF4 are used to process the signals recorded by the germa-
nium detectors [17]. The DGF4 module produces an energy
and an absolute time-stamp signal with a time resolution of

FIG. 1. Schematic outline of the GSI FRS and the suite of beamline detectors used for event-by-event particle identification in the current
work. The fragmentation products traverse four dipole magnets (D1–4), two aluminium degraders (S2 and S4), two multiwire proportional
counters (MW41,42), two MUSIC (MU41,42), and three scintillators (Sci21,41,42) before coming to rest in a perspex passive stopper at the
center of the RISING Stopped Ge array. An additional scintillator (Sci43) is also present after the stopper to veto any ions that do not come to
rest there.
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TABLE I. Spill structures of the various FRS settings.

Nucleus of 107Ag Extraction Total Measuring
central ions per spill length (s) spill period (h)
transmission time (s)

96Pd 4 × 106 10 30 16
90Rh 2–3 × 109 6 25 5
86Tc 1–3 × 109 5–6 25 90
82Nb 2 × 109 5 25 5

25 ns. Two additional analog timing signals are produced by
short-range (SR) and long-range (LR) TDCs. These TDCs
have 0.293-ns resolution in a total recording period of 850 ns
and 0.76-ns resolution in a total recording period of 140 µs,
respectively. The start signal for each timing signal comes
from a scintillator (Sci41) located immediately before the S4
degrader and before the stopper. The stop signal is provided
by the associated Ge crystal.

The magnetic field strength of the dipole magnets of the
FRS can be tuned to maximize the transmission of a specific
nuclear species. During this experiment, different settings,
focused on the fully stripped species of 96

46Pd, 90
45Rh, 86

43Tc,
and 82

41Nb, were used. Table I shows the spill structure and
measuring period of each setting. The magnetic field strength
and S4 degrader thicknesses are shown in Table II. Several
nuclear species were transmitted to the focal plane in multiple
settings, and in the final analysis, the data from different
settings were combined where appropriate.

A. Particle identification and methods of background reduction

The standard particle identification variables are the atomic
number, Z, calculated from the energy loss in multisampling
ionization chambers (MUSIC) [19], and the mass-to-charge
ratio, A/q, determined from measurements of magnetic
rigidity and the TOF between Sci21 and Sci41 (Fig. 1). These
variables were calibrated using measurements of the primary
beam, in this case, 107Ag. Figure 2 shows the identification
plot determined by these variables for the combined 90Rh,
86Tc, and 82Nb settings. Gamma-ray spectra associated with
delayed events in individual nuclear species can be produced
using software coincidence gates on these, and other, particle
identification parameters.

Isomeric states that have been previously identified and
reported have provided a confirmation of the particle identifica-

TABLE II. Magnetic field settings of the dipole magnets of the
FRS and the S4 degrader thicknesses used in different settings.

Nucleus of D1 (T) D2 (T) D3 (T) D4 (T) S4 degrader,
central Al thickness
transmission (mg/cm2)

96Pd 0.73085 0.73284 0.54660 0.54910 1900
90Rh 0.70210 0.70420 0.51880 0.52090 1500
86Tc 0.70015 0.70214 0.52920 0.53150 1900
82Nb 0.70240 0.70460 0.54170 0.54400 2400

FIG. 2. (Color online) Final, calibrated Z vs. A/q identification
plot from the combined 90Rh, 86Tc, and 82Nb settings.

tion and an additional internal calibration of the γ -ray energies,
intensities, and timing. Previously reported isomeric decays in
94,96Pd and 93Ru were observed in the current work, and the
data obtained are shown in Fig. 3. The half-lives measured for
94Pd and 96Pd in the current work using the digital timing are
consistent with those reported in Refs. [20–22].

It is worth emphasizing that, with the exception of those for
84Nb, no γ -ray background subtraction has been performed
on any of the spectra shown here. The low background in the
gamma-ray spectra is achieved by using this event-by-event
method of particle identification that provides very sensitive
selection of individual nuclear species. The use of appro-
priate temporal gating highlights specific isomeric decays in
the (typically) 100-ns to 100-µs range. The shortest measur-
able half-lives are limited by the flight time through the separa-
tor and by the large background from bremsstrahlung radiation
associated with the implantation of the reaction product in
the stopper. The longest measurable half-lives are limited by
the length of the hardware coincidence window and the time
period between implanted ions. The particle identification for
γ -ray spectra is improved through additional software gates on
combinations of experimental variables to veto events in which
fragments undergo subsequent interactions with materials in
the beamline. For example, a comparison of the energy loss in
the first and second MUSIC chambers can be used to identify
and exclude from the analysis ions that undergo reactions in
the gas of the MUSIC chambers or the Nb foil between them
(upper panel of Fig. 4). Also, fragments that are destroyed
in the S4 degrader can be removed by gating on the energy
loss in the first MUSIC chamber (MU41) and the energy loss
in scintillator 42, which is located immediately after the S4
degrader (lower panel of Fig. 4). A scintillator is also placed
after the RISING Stopped array (Sci43) to identify and veto
ions that do not come to rest in, or undergo nuclear reactions
in, the final stopper.
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FIG. 3. γ -ray spectra of delayed events associated with ions
identified as (a) 96Pd, (b) 94Pd, and (c) 93Ru. The spectra are gated
between 150 ns and 5 µs after the time of implantation. The insets
show the associated decay curves using a least-squares fit to the DGF
timing data.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The primary motivation for the current work was to investi-
gate the low-lying structures in the odd-odd self-conjugate
nuclei, 82Nb and 86Tc. Results for these nuclei related
to neutron-proton pairing have already been presented in
Ref. [23]. Other preliminary results from this work have been
presented in a series of conference proceedings [18,24–29].

FIG. 4. (Color online) (a) Energy loss in the second MUSIC
chamber plotted against energy loss in the first. (b) Energy loss in the
first MUSIC chamber plotted against the energy loss in scintillator
42 located immediately after the S4 degrader. Both plots show data
collected during the setting focused on 96Pd.

This article reports results from the analysis of the complete
data set.

A. Isomeric ratio measurements

The reaction mechanism of projectile fragmentation has
been found to populate preferentially the near-yrast states in
the product nuclei [30–32]. An isomeric ratio can be defined as
the ratio between the number of times a nucleus is populated in
that isomeric state and the total number of times that nucleus is
produced. Measurements of isomeric ratios can provide insight
into both the reaction process and the nature of the observed
isomeric states (i.e., an yrast or a nonyrast state). In the current
work, the isomeric ratio, R, is defined as in Ref [32] by the
expression

R = Nisomer

NionsFG
, (1)

where Nisomer is the number of ions observed in the isomeric
state, Nions is the total number of ions of that nuclear species
produced, and F and G are correction factors for in-flight
losses and for a finite measuring period, respectively. The
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number of ions observed in the isomeric state is equal to

Nisomer =
∑

i

Nγi

εi

(1 + αi)

bγi

, (2)

where Nγi
is the number of γ rays observed in the decay of

the ith decay branch depopulating the isomeric state, εi is the
absolute photopeak efficiency of the germanium detectors at
that energy, bγ is the branching ratio of the γ -ray transition, and
αi is the internal conversion coefficient of that γ -ray transition.
The correction for in-flight losses is

F = exp

[

−
(

λq1
TOF1

γ1
+ λq2

TOF2

γ2

)]

, (3)

where λqn is the decay constant for the nucleus in charge
state qn in the first (n = 1) and second (n = 2) halves of
the separator. TOF1 is the time-of-flight from the production
target to the scintillator (Sci21) positioned immediately
after the S2 degrader, and TOF2 is the time-of-flight from
Sci21 to Sci41 located immediately before the S4 degrader. γn

is the corresponding Lorentz factor (γ = 1√
1−( v

c
)2

). In the mass

region of interest here, A ∼ 80–90, the ions are fully stripped
through the full length of the separator so q1 = q2 = Z. The
finite γ -ray measuring time period is accounted for by

G = e(−λti ) − e(−λtf ), (4)

where ti and tf are the initial and final measuring times
between which the observed isomeric yield is determined. The
times are defined with respect to the time of ion implantation
in the stopper. Unmeasured losses caused by reaction products
being destroyed in the slowing process in the stopper are also
taken into account in determining isomeric ratio uncertainties.
The isomeric ratios measured in the current experiment are
shown in Table III. Also shown are previously reported
half-life measurements for comparison that are taken from
Refs. [10,21,22,33].

B. 82
41Nb41

In the work of Chandler et al. [10], a short-lived isomeric
state was tentatively identified in 82Nb. Low statistics for

FIG. 5. Singles γ -ray spectrum of delayed events associated with
ions identified as 82Nb. The data are gated between 150 and 500 ns
after the time of implantation.

this nuclide in that experiment prevented the identification
of any discrete γ rays or a half-life measurement. The singles
spectrum gated on 82Nb ions from the current work is shown
in Fig. 5. Three γ rays are now assigned to originate from
the decay of this T1/2 = 93(20) ns isomeric state [34], and a
γ -γ energy coincidence analysis finds all three γ rays to be in
mutual coincidence. The level scheme constructed from these
data is shown in Fig. 6.

The two γ rays at 418 and 638 keV lie close in energy to the
2+ → 0+ (407 keV) and 4+ → 2+ (634 keV) isobaric analog
transitions in 82Zr [35,36]. On this basis, these γ rays are
assigned as the first two transitions of the ground-state band in
82Nb. The isomeric state that decays into this band is suggested
to have I = (5) based on internal conversion coefficient and
transition rate arguments described in detail in Ref. [23].

TRS calculations can be used to predict the deformation and
single-particle structure in the vicinity of the Fermi surface
in a given nucleus. The configuration-constrained potential-
energy-surface calculations developed by Xu et al. [37] can
predict the deformation for a specific multi-quasiparticle
configuration while including the γ degree of freedom.
Figure 7 shows a TRS calculation for the ground state of

TABLE III. Isomeric ratios, R, measured in the current experiment. E and J π refer to the excitation energy, spin, and parity
of the isomeric state. The half-lives (T1/2) measured in the current work were used to calculate the isomeric ratio quoted. Also
shown are previously reported half-life measurements.

Nucleus E (keV) J π T1/2 (this work) T1/2 (other) R (%) Number of ions

94Pd 4884 (14+) 468(19) ns 530(10) ns [21] 28(5) 12721
96Pd 2531 8+ 1.75(6) µs 2.2(3) µs [22] 17(3) 13375
93Ru 2083 (21/2+) 2.7(2) µs 2.20(17) µs [33] 7(1) 44628
86Tc (1524) (6+) 1.10(14) µs 1.11(21) µs [10] 41(7) 7650
87Tc 71 + x (7/2+) 647(24) ns 11(5) 44127
88Tc 95 (4+) 146(12) ns 6(5) 119298
82Nb (1180) (5+) 93(20) ns 78(77) 4455
84Nb (48) (3+) 176(46) ns 5(2) 240615
84Nb (305) (5+) 50(8) ns 0.5(4) 240615
84Nb (337) 5− 92(5) ns 102(19) ns [10] 16(7) 240615
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FIG. 6. Experimental level scheme of 82Nb constructed from the
current data and results of a PSM calculation. The isobaric analog
states in 82Zr are also shown for comparison.

82Nb. The calculation predicts a large stable prolate defor-
mation with β2 = 0.430. This compares well with the value
of β2 = 0.41(7) in the isobaric analog, 82Zr, which was
deduced from the B(E2 : 2+ → 0+) value and assuming axial
symmetry [35,36].

The PSM [38], including neutron-proton (np) interactions
[39], has been successful in describing the observed ground-
state structures in the even-even N = Z nuclei with A = 68
to 88. It was also shown to reproduce well the excited
structure in the odd-Z nucleus, 83Nb [40]. In the current work,
the PSM has been used to suggest possible configurations
for the isomeric state observed in 82Nb. The calculation,
for which the positive-parity results are shown in Fig. 6,
predicts an Iπ = 5+ two-quasiparticle state with a Nilsson
configuration of ν[422]5/2+ × π [422]5/2+ at an excitation
energy of 1224 keV. This state is predicted to lie just above
the T = 1, Iπ = 4+ state and is a plausible candidate for
the configuration of the isomer. The population of a T = 0
state with this configuration is consistent with the low-lying

FIG. 7. TRS calculation for the ground state of 82Nb. The
minimum is located at β2 = 0.430, γ = 0.1◦, and β4 = −0.023. The
spacing between the contour lines corresponds to 200 keV.

TABLE IV. Calculated partial half-lives derived from the single-
particle Weisskopf estimates (T W

1/2) [43] and total conversion coeffi-
cients [43] of a 124-keV transition in 82Nb.

124 keV

T W
1/2 (s) αtot T

γ

1/2 (s)

E1 1.87 × 10−13 0.065 9.90 × 10−8

M1 1.46 × 10−12 0.131 1.05 × 10−7

E2 8.97 × 10−7 0.534 1.43 × 10−7

M2 5.64 × 10−5 1.120 1.97 × 10−7

band structures observed in the Tz = + 1
2 neighbors 81Zr [41]

and 83Nb [40,42]. The calculations also predict two low-lying
Kπ = 4− states at approximately 1.3 MeV (not shown in
Fig. 6).

Assuming a dipole transition from the isomeric state, the
measured half-life is much greater than the calculated partial
half-life shown in Table IV [43]. As discussed in Ref. [23],
we attribute this to K hindrance [44], the well-known mech-
anism by which nuclear half-lives are prolonged in axially
well-deformed nuclei. In this particular case of a 124-keV
M1 �K = 5, ν = 4 decay, a reduced hindrance of fν =
(T γ

1/2/T W
1/2)1/ν ≈ 16 is intermediate between the accepted fν

values for the best-case axially symmetric K isomers (∼100)
and that of unhindered decays (∼1). An intermediate value
is consistent with some degree of K mixing associated with
γ -softness, which is supported by predictions from the TRS
calculation shown in Fig. 7 and 82Zr [35].

C. 84
41Nb43

The first γ -ray transitions assigned to 84Nb were identified
by Gross et al. [42], where two band structures were observed
but were not fitted into a joint level scheme. A further in-beam
study by Mărginean et al. [45] enabled the construction of
a comprehensive level scheme at low excitation energy. In
the Mărginean et al. study, several rotational bands were
identified (including those suggested by Gross et al.) and
connected to the low-lying structure. The authors noted the
confirmation of a previously reported isomeric state, but within
their experimental setup, they were unable to measure the
half-life or to identify other long-lived states. The isomer
reported had been observed in the fragmentation of a 92Mo
beam. Preliminary results from the fragmentation study were
published in Ref. [46] prior to the work of Mărginean et al.
The final analysis was published later by Chandler et al. [10],
where two decay paths depopulating an isomeric state at an
excitation energy of 338 keV were reported with a mean
lifetime of 148(28) ns. That paper also suggested that a
state at 48 keV may have an additional lifetime associated
with its decay, but low statistics prevented this from being
confirmed.

Our work is in agreement with the findings of Chandler
et al. [10] and has made it possible to measure the mean
lifetime of the 48-keV state. In addition, our work finds
that a state at 305 keV reported by Mărginean et al. [45] is
isomeric. Delayed γ -ray spectra produced from gating on ions
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FIG. 8. (a) Singles γ -ray spectra gated on ions identified as
84Nb and a time gate between 200 ns and 1.75 µs. (b) Sum of
coincidence energy gates on 132- and 175-keV transitions to highlight
the previously observed isomeric decay. Spectrum (b) has the same
ion identification and timing conditions as (a).

identified as 84Nb are shown in Fig. 8. Relative intensities of
the observed γ rays are shown in Table V along with calculated
internal conversion coefficients and single-particle Weisskopf
estimates [43]. Because of the short half-life of the isomeric
states and the low energy of the transitions in this nucleus, the
intensity measured for each γ ray in this case is especially
sensitive to the chosen start channel of the time gate. The
quoted uncertainty takes this into consideration.

The upper panel of Fig. 8 demonstrates a singles spectrum
that in addition to previously reported isomeric transitions
shows delayed γ rays at 143 and 257 keV. As our is only
sensitive to delayed transitions, these γ rays must decay from a
previously unreported isomeric state in 84Nb. These transitions
were not observed by Chandler et al. [10] but are included in
the level scheme reported in the in-beam study [45]. A sum
of energy coincidence gates on the 132- and 175-keV direct
decays from the previously reported isomeric state is shown
in the lower panel and indicates the previously reported decay
paths. The 143- and 257-keV transitions, which are shown in
the singles spectrum, are too weak to appear in coincidence
gating but were identified in Ref. [45] to be depopulating a
level at 305-keV excitation energy. The transitions and relative
intensities observed in the current work are shown in the level

TABLE V. Relative transition intensities of delayed transitions
associated with 84Nb. The intensities have been normalized to the
intensity of the 114-keV transition. Also shown are calculated
internal conversion coefficients [43] and the single-particle Weisskopf
estimate of the assigned multipolarity [43].

Eγ (keV) α (M1) α (E1) α (E2) Itot T W
1/2 (s)

47.9 1.97 1.06 18.0 605(28) E2 1.11 × 10−4

63.8 0.85 0.46 6.10 98(30) E2 2.57 × 10−5

114.0 0.16 0.08 0.72 100(19) E2 1.32 × 10−6

132.4 0.11 0.05 0.42 162(29) E2 6.36 × 10−7

140.3 0.09 0.04 0.34 89(17) E1 1.28 × 10−13

143.2 0.09 0.04 0.32 24(4) M1 1.10 × 10−12

174.8 0.05 0.02 0.15 104(15) E1 6.55 × 10−14

205.1 0.03 0.02 0.09 156(23) E2 7.04 × 10−8

257.2 0.02 <0.01 0.04 23(8) E2 2.27 × 10−8

FIG. 9. Proposed level scheme for 84Nb observed in the current
work. The widths of the arrows indicate the relative intensities of the
transitions.

scheme of Fig. 9. The ground-state spin and parity is taken as
1+ based on compelling evidence provided in a recent β-decay
study of the 84Mo parent [47]. The spin and parity assignment
of the 337-keV state is from Ref. [45].

The ordering of the 64- and 140-keV transitions presented
in this work is reversed with respect to that in previous publi-
cations. This follows the necessary multipolarity assignments
made in the current work to satisfy the intensity balance.
The original ordering would have resulted in the intermediate
state having the same spin/parity as the ground state, and the
coexistence of two such states is not justified.

Least-squares fits to the associated decay curves have been
made to determine the half-lives of the three isomeric states
observed in 84Nb. The fits are shown in Fig. 10. The upper
panel is the DGF time spectrum associated with the 132- and
175-keV transitions. The deduced half-life in the current work
of 92(5) ns is consistent with the previous measurement by
Chandler et al. [10] of 102(19) ns.

The 48-keV transition seems to have a longer half-life than
the other transitions, which indicates that the 48-keV state is
also isomeric. Figure 11 shows the time-difference spectra
between the 64- and 140-keV transitions and the 48- and
114-keV transitions. Despite the low coincidence statistics, a
significant number of counts appear to the right of the centroid
in the lower panel that are absent in the upper. This is an
indication that the 48-keV state has a half-life associated with
it. Feeding from the 92(5)-ns isomeric state at 337 keV must
be taken into account so a two-component least-squares fit has

FIG. 10. Half-life measurements from least-squares fits to the
DGF timing signal of γ rays associated with the decay of the isomeric
states in 84Nb. The decay from the 48-keV isomeric state has been
fitted using a two-component least-squares fit assuming feeding from
the higher lying, T1/2 = 92(5) ns isomeric state.
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FIG. 11. Time-difference spectra between the 64- and 140-keV
transitions (upper panel) and the 48- and 114-keV transitions (lower
panel) in 84Nb. The fit assumes no lifetime, so it reflects the time
resolution of the setup at these energies. The counts that appear with
a large time difference indicate the 48-keV state is isomeric.

been used in this case. The half-life of the 305-keV state has
been obtained by a least-squares fit to the 257-keV transition
and is found to be 50(8) ns.

D. 86
43Tc43

A microsecond isomer in 86Tc was previously re-
ported, and two γ rays tentatively assigned, by Chandler
et al. [10].

The current work finds five γ rays to be emitted in the
decay of a T1/2 = 1.10(14) µs isomeric state [34] in 86Tc, as
shown in Fig. 12. The measurement of the half-life of this state
was made by performing a least-squares fit to the summed time
spectra associated with the 593- and 850-keV transitions (inset
of Fig. 12). A γ -γ energy coincidence analysis finds the 81-,
593-, and 850-keV γ rays to be in mutual coincidence. These
latter two γ rays lie notably close in energy to the 2+ → 0+
(567 keV) and 4+ → 2+ (761 keV) isobaric analog transitions

FIG. 12. γ -ray spectra of delayed events associated with ions
identified as 86Tc. The data are gated between 150 ns and 5 µs after
the time the associated ion arrived in the stopper.

TABLE VI. Calculated γ -ray partial half-lives derived from
the single-particle Weisskopf estimates [43] and total conversion
coefficients [43] of an 81-keV transition in 86Tc.

81 keV

T W
1/2 (s) αtot

E1 6.50 × 10−13 0.245
E2 7.08 × 10−6 2.690
M1 3.41 × 10−12 0.514
M2 4.59 × 10−4 6.420

in 86
42Mo44 [48]. On this basis, they are assigned to be the first

two transitions of the T = 1 ground-state band in 86Tc.
The 269- and 581-keV γ -ray energies sum to 850 keV,

which suggests a competing decay branch to the (4+) → (2+)
transition, and this is confirmed in a γ -γ coincidence analysis.
The spin and parity of this state is most likely 3+ or 4+ when
γ -ray selection rules and Weisskopf estimates of the transitions
are considered.

An intensity balance around the (4+) state has been used to
infer the conversion coefficient, αtot, of the 81-keV γ ray to be
3.49(80). Calculated values of total conversion coefficients for
this transition are displayed in Table VI. Good agreement in
the current analysis was found for the conversion coefficient
of the 96-keV, 14+ → 12+, transition in 94Pd, previously
reported in Ref. [21]. In our work, this is inferred to be
1.6(3) compared with the previously measured value of 1.9(4)
[21] and a theoretical value of 1.61 [43]. On this basis, the
81-keV transition in 86Tc is assigned to be of a stretched-E2
multipolarity, leading to a spin/parity assignment of (6+) for
the isomeric state.

The Iπ = 6+ member of the ground-state band in 86Mo
lies at 2260 keV, 932 keV above the 4+ state. Considering the
similarity in energy of the (2+) and (4+) members, the T = 1,
Iπ = 6+ state in 86Tc would therefore be expected to have an
excitation energy of around 2.5 MeV. The isomeric 6+ state
appears at an excitation energy of 1524 keV creating an yrast-
trap isomeric state. The fact that this 6+ state appears only
81 keV above the yrast 4+ state would explain the somewhat
large isomeric ratio (Table III).

The results of a configuration-constrained potential-energy-
surface calculation for the ground state in 86Tc are shown
in Fig. 13. The minimum for a rotational frequency of ω =
0.0 MeV/h̄ is at β2 = 0.004, γ = 0◦. However, if the system
is allowed to rotate, then the minimum quickly moves to
the triaxially soft, oblate minimum focused around β2 ≈ 0.2,
which is also prominent in Fig. 13. This soft triaxial shape
suggests that N = Z = 43 represents the boundary along the
N = Z line of the transitional region as the doubly magic
100Sn is approached. These findings are in agreement with
recent results described by Fischer et al. [40].

The positive-parity states in 86Tc predicted by the PSM
are shown in Fig. 14. Negative parity states with K = 5, 6
are also predicted at ≈1.2 MeV. The ground-state band is
shown to be well reproduced in the calculation. The Iπ = 6+
state predicted at 1428 keV is the first excited member
of a rotational band built on the Iπ = 5+ 2-quasiparticle
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FIG. 13. A configuration-constrained potential-energy-surface
calculation for the ground state of 86Tc. The minimum is at β2 =
0.004, γ = 0◦ with a shallow oblate minimum around β2 ≈ 0.2,
γ = −60◦, which becomes favored for ω > 0 MeV/h̄. The spacing
between the contour lines corresponds to 200 keV.

band head (ν[422]5/2+ × π [422]5/2+) and therefore seems
unlikely to be isomeric unless rotational alignment brings
the 6+ below the 5+ state. A more probable configuration
for an Iπ = 6+ isomeric state would be a coupling of
the [413]7/2+ × [422]5/2+ Nilsson orbitals. Both of these
orbitals lie close to the Fermi surface, but the calculation places
this state at a significantly higher excitation energy.

It is worth acknowledging an alternative situation in which
the isomeric state has Iπ = 5− and decays by a mixed E1/M2
transition to the (4+) state. A mixed transition of this type
could result in a measured internal conversion coefficient
of a similar magnitude to that observed. A mixing ratio of
δ(E1/M2) = 1.07 is required for αtot = 3.49(18) matching
the measured value or δ(E1/M2) = 0.76, αtot = 2.47(13), to
match the calculated pure E2 value [49].

FIG. 14. Experimental and theoretical (PSM) level schemes of
86Tc. The ground-state band of 86Mo is also shown for comparison.

It is also noteworthy that the isomeric state in 86Tc lies in the
vicinity of the proton separation energy of 1393(409) keV [50],
thus raising the possibility of direct proton emission from
the isomer competing with internal γ -ray decay. However,
the experimental arrangement used here does not allow us to
observe this possible decay mode.

E. 87
43Tc44

Two γ rays, likely to form a deformed band built on a proton
g9/2 state, have been observed in this nucleus previously [51]
but no linking transitions to the ground state were identified.
The nuclei were produced in fusion-evaporation reactions and
studied using prompt spectroscopy. The experimental setup
used was only sensitive to γ rays between 0.1 and 2.4 MeV,
which were emitted in the first 0.5 ns after production.

Our work identifies two delayed γ rays associated with
87Tc. They can be seen in the singles γ -ray spectrum in Fig. 15.
The two transitions of 64 and 71 keV are found to not be in

FIG. 15. γ -ray spectra of delayed events associated with ions
identified as (a) 87Tc and (b) 88Tc. The spectra are gated from 150 ns
to 3.4 µs and from 150 ns to 1.5 µs after implantation, respectively.
The insets show the associated decay curves from the DGF timing,
and in the case of 87Tc, this is the sum of gates on both the 64- and
71-keV γ rays. The second inset of the upper panel shows energy
coincidence gates on the two transitions that are shown to not be in
mutual coincidence.
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TABLE VII. Calculated partial half-lives for transitions in 87Tc
of various multipolarities derived from the single-particle-unit
Weisskopf estimates [43]. The units are in seconds.

7 keV 64 keV 71 keV

E1 6.69 × 10−10 1.31 × 10−12 9.18 × 10−13

E2 7.42 × 10−1 2.26 × 10−5 1.26 × 10−5

M1 3.50 × 10−10 5.47 × 10−12 4.32 × 10−12

M2 4.85 × 10+1 1.48 × 10−3 8.21 × 10−4

mutual coincidence with each other (inset of Fig. 15). This
either constitutes separate decay paths from a single isomeric
state or represents the decay of two separate isomeric states in
87Tc. Least-squares fits to the decay curves associated with
the individual γ rays finds their half-lives to be the same
within experimental uncertainties: 597(33) ns for the 64-keV
transition and 680(57) for the 71-keV γ ray. The most likely
scenario is therefore a single isomeric state with competing
decay paths. A single component half-life fit to the summed
decay curve (inset of Fig. 15) gives a half-life measurement of
647(24) ns.

An inspection of the calculated partial half-lives (Table VII)
of these observed γ rays indicates that only hindered E1 or
M1 multipolarity can likely result in the observed half-life
of the isomeric state. Other multipolarities would result in a
much longer lived isomer. E1 and M1 transitions still require
a large degree of hindrance that could be a result of shape
hindrance in the decay of an oblate 7/2+ ([413]7/2) state to
prolate states of 5/2+ ([422]5/2) and 5/2− ([303]5/2). All of
these single-particle levels lie at the Fermi surface, and similar
low-lying structures built on these states have been observed
in N = 43 isotones [53,54].

F. 88
43Tc45

Two β-decaying states with half-lives of 6.4 and 5.8 s have
been previously reported in this nucleus [55]. In addition, a
quasirotational band was identified during an in-beam study
[51] and a partial decay scheme was constructed. It is not clear
which β-decaying state, if either, is the ground state of this
nucleus or into which state the quasirotational band decays.
The new experimental data from our work, combined with

TABLE VIII. Calculated γ -ray partial half-lives derived from the
single-particle Weisskopf estimates and total conversion coefficients
of a 95-keV transition in 88Tc [43].

95 keV

T W
1/2 (s) αtot

E1 3.97 × 10−13 0.155
E2 3.09 × 10−6 1.520
M1 2.48 × 10−12 0.327
M2 2.04 × 10−4 3.550

theoretical interpretation of these levels, leads to a consistent
picture for the low-lying structure of this nucleus.

In our work, a T1/2 = 146(12) ns isomeric state is found
to decay via a single 95-keV γ ray as shown in Fig. 15. An
inspection of the Weisskopf estimates (Table VIII) suggest
either a hindered dipole or an enhanced E2 transition.

The results of a shell-model calculation using the Gross-
Frenkel interaction [56] in a 1g9/2-2p1/2 model space are
shown to the right of Fig. 16. This shell-model space has been
shown to consistently perform well for the low-spin, near-
spherical states in nuclei with Z = 40–45 and N = 46–50
[57].

The calculation suggests that the two β-decaying states
observed by Odahara et al. [55] have spin 2+ and 6+ because
a low-energy E4 transition between these two states is highly
unlikely to compete with β decay. In addition, a comparison
between the predicted yrast states and the experimental decay
scheme strongly suggests I = 8 for the X+312 level shown
on the left-hand side of Fig. 16. Not only the energy pattern
but moreover predicted decay strengths yield a pattern very
similar to the observed one (i.e., the 312-keV transition is
associated with an 8+ → 6+ transition). This implies that the
tentative 291-keV transition would be falsely positioned in the
experimental decay scheme.

Thus, one is left with two possibilities for a low-energy
isomeric transition: either the 4+ → 6+ or the 4+ → 2+ tran-
sition, which means in principle two parallel electromagnetic
transitions from a possibly isomeric 4+ level, only one of which
is observed in this study. Both the lowest negative-parity states,
which are predicted at some 700-keV excitation energy, and
odd-spin positive-parity states shown on the right-hand side of

FIG. 16. Experimental and
calculated low-spin excitation
schemes of 88Tc. The experimental
scheme is constructed from the
current work (95-keV transition
only) and Refs. [55] and [51].
The widths of the arrows indicate
relative intensities of the γ rays;
the energy labels are in keV, and
tentative transitions and levels are
dashed. The predictions are based
on shell-model calculations in a
1g9/2-2p1/2 model space.
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Fig. 16 have open E1, M1, or E2 γ -decay branches of several
hundred keV, which precludes these to be isomeric beyond the
nanosecond scale.

Assuming the E2 character for the observed 95-keV
transition, one obtains

B(E2)exp = br × 1

1 + αtot
× 0.566

T1/2E5
γ

∼ 200 e2 fm4 (5)

with an experimental branching, br = 1.0, αtot = 1.52(7),
T1/2 = 146(12) ns, and Eγ = 0.095(1) MeV. This can
be compared with the predictions of B(E2;4+ → 2+) =
320 e2 fm4 and B(E2;4+ → 6+) = 7.9 e2 fm4, respectively,
using the effective charges provided for the Gross-Frenkel
shell-model interaction [57]. Compared with the experimental
number, this clearly points toward matching the observed
95-keV transition with the predicted 4+ → 2+ decay, in terms
of both excitation energies and, moreover, decay strengths,
which would imply I = 2 and, most likely, Y = 0 keV and
X ∼ Y , on the left-hand side of Fig. 16. This scenario also
provides an explanation as to why the 4+ → 6+ transition
is not seen in the current work and only one isomeric γ -ray
transition is observed.

IV. CONCLUSIONS

Experimental results from the first experiment of the
RISING “Stopped beam” campaign are reported with a discus-
sion on the structure of these nuclei based on interpretations
provided by several theoretical models. These data have
allowed the identification of previously unobserved excited
states in the self-conjugate odd-odd nuclei 82Nb and 86Tc. The
low-lying structures of both systems are dominated by T = 1,
np pairing effects that have already been observed in the other

odd-odd N = Z nuclei above 42
21Sc. The current data suggest

that the T = 1, rather than the T = 0, pairing interaction is the
dominant feature throughout the fpg shell [23]. In addition,
previously unreported isomeric states have been identified in
87Tc and 88Tc with half-lives of 647(24) ns and 146(12) ns,
respectively. These states are interpreted as a shape isomer in
87Tc, and comparison with shell-model calculations finds the
(4+) member of the ground-state band in 88Tc to be isomeric.
A previously reported isomeric state in 84Nb has been observed
in this data, and another previously identified excited state in
this nucleus has now been assigned as isomeric with a half-life
of 155(24) ns.
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The low-lying structure of 188,190,192W has been studied following β decays of the neutron-rich mother nuclei
188,190,192Ta produced following the projectile fragmentation of a 1-GeV-per-nucleon 208Pb primary beam on a
natural beryllium target at the GSI Fragment Separator. The β-decay half-lives of 188Ta, 190Ta, and 192Ta have
been measured, with γ -ray decays of low-lying states in their respective W daughter nuclei, using heavy-ion
β-γ correlations and a position-sensitive silicon detector setup. The data provide information on the low-lying
excited states in 188W, 190W, and 192W, which highlight a change in nuclear shape at 190W compared with that of
lighter W isotopes. This evolution of ground-state structure along the W isotopic chain is discussed as evidence
for a possible proton subshell effect for the A ∼ 190 region and is consistent with maximization of the γ -softness
of the nuclear potential around N ∼ 116.

DOI: 10.1103/PhysRevC.80.064308 PACS number(s): 21.10.−k, 23.40.−s, 27.80.+w, 29.38.Db

I. INTRODUCTION

Nuclei with A ∼ 190 for the elements between Hf (Z = 72)
and Pt (Z = 78) exhibit a wide variation of nuclear struc-
tural properties, including well-deformed prolate shapes with
rotational band structures [1], K-isomeric states associated
with axial symmetry in a deformed nuclear potential [2], and
shape transitions across isotopic and isotonic chains [3,4]. The
evolution from axially symmetric deformed prolate shapes
around the valence maximum nucleus at 170Dy [5] toward
spherical, single-particle–like excitations close to the doubly
magic nucleus 208Pb is predicted to pass through a region
of triaxial γ -soft and oblate nuclei [6–8]. Nuclei that are

*n.alkhomashi@surrey.ac.uk

predicted to lie on the boundary between regions of prolate
and oblate deformation have been described by Jolie and
Linneman as prolate-oblate phase-transitional systems [9].
The phase-transitional region between axially symmetric,
deformed prolate and oblate shapes is also relevant to the
limits of geometric symmetry within the interacting boson
model (IBM) [10–13]. Platinum isotopes with N = 116 and
118 represent the best cases thus far for the experimental
realization of the O(6) symmetry limit of the IBM, which
can be associated with a nuclear potential that is flat in the
triaxial degree of freedom [14–16].

Evidence of increased γ -softness in the nuclear potential
can be inferred from a number of simple experimental sig-
natures. These signatures include a decrease in the excitation
energy of the second Iπ = 2+ state [17] relative to the yrast
Iπ = 2+ state and a reduction in the ratio of the excitation

0556-2813/2009/80(6)/064308(12) 064308-1 ©2009 The American Physical Society
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TABLE I. Experimental parameters for the two FRS settings studied in the current work.

Setting Magnetic Magnetic S2 degrader S4 degrader Beam Spill Total
rigidityBρ1 rigidityBρ2 thickness thickness current repetition collection

(Tm) (Tm) (mg/cm2) (mg/cm2) (p/spill) (s) time (h)

190Ta 13.0805 9.5915 5050 3320 108 20 62
192Ta 13.2285 9.7479 5050 3450 109 15 66

energies of the yrast Iπ = 4+ and 2+ states, R(4/2), compared
to the perfect axial rotor limit of 3.33. Evidence for such
behavior has been reported in a number of nuclei in this region,
including 192Os [18] and 194,196Pt [15,19].

One focus of the current work is to extend the spectral
knowledge of heavy, neutron-rich nuclei, with the specific aim
of studying the predicted evolution from prolate-deformed,
through γ -soft, to oblate-deformed shapes in neutron-rich
tungsten (Z = 74) isotopes [7].

The heaviest stable tungsten isotope is 186W112. Experi-
mental information on the neutron-rich isotopes of tungsten
with N � 116 is sparse because of the neutron-rich nature
of these systems. To investigate the change of structure
with increasing neutron number and the expected evolution
toward a more γ -soft and possibly oblate shape, the nuclei
of interest must be studied by either deep-inelastic collisions
[20–22] or projectile fragmentation reactions. Prior to this
work, the heaviest even-N tungsten isotopes for which even
the most rudimentary spectral information had been reported
were 188W and 190W. In-beam spectroscopy of 188W114 was
studied previously using deep-inelastic [22] and two-nucleon
transfer reactions [23], which provided information on the
structure of the yrast sequence up to a spin of 8h̄. Transitions
populating the ground-state band of 190W116 were identified
via isomer-delayed γ -ray spectroscopy following relativistic
projectile fragmentation of a 208Pb beam [24–26]. The inferred
R(4/2) value for 190W showed a sudden decrease in value
compared to the systematics in the region [24].

The present work primarily investigates the low-lying
nuclear structure of 188W, 190W, and 192W following β-delayed
spectroscopy of their mother nuclei, 188Ta, 190Ta, and 192Ta,
respectively. The data confirm the previously reported R(4/2)
value in 190W and also provide evidence for the observation
of the second 2+ state in this nucleus. The excitation energy
of the yrast 2+ state in 192W is also reported for the first time
in the current work. Preliminary results from this study have
been reported in a series of conference papers [27–29]; this
article provides the complete analysis of this work.

II. EXPERIMENTAL DETAILS

The nuclei of interest were produced following projec-
tile fragmentation reactions between a primary beam of
208Pb impinging on a natural beryllium target of thickness
2446 mg/cm2. The 1 GeV/nucleon beam was provided by the
SIS-18 heavy-ion synchrotron at GSI, Germany, with primary
beam intensities of up to 109 ions/spill. The duration of each
primary beam spill was approximately 1 s with a typical

repetition period of 15–20 s. The secondary fragmentation
reaction residues were separated and identified event-by-event
using the GSI Fragment Separator (FRS) [30], operated
in monochromatic mode with an aluminum wedge-shaped
degrader positioned in the intermediate focal plane. Two
specific FRS settings were used in the current work, one
centered on fully stripped (i.e., Q = Z) ions of 190Ta and the
second centered on fully stripped 192Ta ions. Table I gives a
summary of the experimental parameters for the FRS in these
two settings.

A. Detector configuration at the FRS focal plane

A schematic of the experimental configuration used in the
current work is shown in Fig. 1. The secondary ions were
implanted into the RISING active stopper, which consisted
of a series of double-sided silicon strip detectors (DSSSDs;
see Refs. [28,31] for details). In the current work, the stopper
configuration was positioned as shown in Fig. 1 and consisted
of three 5 cm × 5 cm × 1 mm DSSSDs [32], each with 16
individual 3-mm-width strips on the front and back faces. The
DSSSDs were used to determine the position of the implanted
ion and to correlate it with its subsequent β− decay detected
in the same or neighboring pixels of the DSSSD.

The correlation of low-energy (typically hundreds of keV)
β particles with significantly higher energy (typically a few
GeV) implanted ions was afforded by the use of Mesytec
semilogarithmic preamplifiers applied to the energy outputs
of the DSSSDs [31]. These preamplifiers allowed a linear

FIG. 1. Schematic of the detector configuration at the final focus
of the GSI FRS for the current work. Three of the possible six
positions (black boxes) in the active stopper were occupied by
DSSSDs in this particular experiment. MW = multiwire position
detectors; Sci = plastic scintillator detectors; MUSIC = multiple
sampling ionization chamber detectors. The number 4 corresponds
to the detectors being placed at the final focus (i.e., after the fourth
dipole magnet) of the GSI FRS. The secondary ions are transmitted
from left to right on this schematic.
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amplification of the DSSSD signal for energies of up to
10 MeV, whereas a logarithmic amplification range was used
for implantation energies of between 10 MeV and 3 GeV.
The linear region of the preamplifier response was calibrated
using the monoenergetic internal conversion electrons emitted
using a standard 207Bi calibration source, which yielded a
measured energy full width at half maximum (FWHM) of
20 keV at 980 keV and a minimum detection threshold
of approximately 150 keV. This level of electron energy
resolution was used to select delayed internal conversion
electron lines following decays that were observed in other
FRS settings from the same experiment (for example, in the
internal conversion decay of a long-lived isomer in 205Au
[33]). For the logarithmic portion of the preamplifier energy
response, simulated signals from a pulser were used for
the initial energy calibration, which was then checked by
comparing the experimental data to simulations from the LISE3
code [34,35].

The active stopper was viewed by the stopped RISING
γ -ray spectrometer array, which consists of 15 seven-element
germanium cluster detectors with a measured total photopeak
efficiency of ∼15% at 662 keV [36,37]. Previously, the
RISING array has been used to detect γ -ray transitions emitted
following the decay of isomeric states in secondary fragments
produced by projectile fragmentation and fission, using the
techniques described in Refs. [24,25,38–42]. This experiment
represents the first time that the RISING array was also used
to correlate γ -ray transitions arising from the decays of states
populated following the β decay of secondary fragmentation
products.

B. Data reduction and particle identification process

The identification of the projectile fragments was based on
the time-of-flight (TOF) position and energy loss techniques
described in Ref. [43]. The TOF in the second stage of
the FRS was determined by measuring the time difference
between the ions passing between two plastic scintillators
mounted (i) before the degrader at the intermediate focal
plane (after region S2) and (ii) at the final focal plane (after
region S4). Two multiwire proportional chambers and two
multiple sampling ionization chambers (MUSICs) provided
position determination and energy loss information of the
fragments at the final focal plane, respectively. The secondary
ions of interest were then slowed down in a variable-thickness
aluminum degrader (see Table I) before coming to rest in the
RISING active stopper. Two plastic scintillators were placed
before and after the active stopper to act as veto detectors
for reactions in the final degrader and to remove events that
produced light particles from nuclear reactions in the final
degrader.

1. Charge-state selection of secondary ions

Charge-state anomalies in the transmitted secondary ions
can cause problems with particle identification and the subse-
quent tagging of a β decay from specific neutron-rich isotopes.
In particular, hydrogen-like (i.e., q = Z − 1) ions of a given

element can have a similar mass-to-charge ratio, A/q, as fully
stripped (q = Z) ions. Thus, heavier neutron-rich isotopes of
the same element can cause problems in the selection process.
Such so-called A/q anomalies can be partially resolved
using the technique described in Ref. [43]. The difference
in the magnetic rigidity of the ions, Bρ, before and after the
intermediate focal plane degrader can be used to estimate the
energy loss of the transmitted ions. This value can be correlated
with the measured energy loss of the same ions in the two
MUSICs at the final focus of the FRS to give loci of ions
associated with different changes in charge state through the
first and second halves of the FRS [30,37]. Niobium foils
were placed after the target and the intermediate degrader
to improve the atomic electron stripping efficiency. The ions
transmitted through the FRS degrader were distributed into
three main charge-state groups: (i) The group in which �q = 0
is assumed to include predominantly ions that are fully stripped
in both halves of the FRS. We note that there is a finite
probability that the �q = 0 condition could be satisfied by
ions that are hydrogen-like in both halves of the FRS. However,
the expected charge-state distributions for the ions using the
GLOBAL code [44] suggest that the transmission of such events
is highly suppressed compared to the fully stripped species.
(ii) The group �q = +1 is assumed to include predominantly
ions that are fully stripped in the first part of the FRS and
hydrogen-like ions (i.e., with one attached electron) in the
second half of the FRS (i.e., after the intermediate focal plane
degrader). (iii) The group �q = +2 involves predominantly
helium-like ions (two electrons) in the second half of the FRS
and fully stripped in the first half. The GLOBAL code [44] gives
a prediction that 96.7% of the 190Ta ions were fully stripped
in the first half of FRS and 81.7% in the second half. Figure 2
shows the charge-state change groups of the transmitted ions
by plotting the energy loss in a MUSIC detector versus energy
loss in the intermediate degrader.

FIG. 2. (Color online) The identification of the three charge-state
change groups determined using the energy loss in the intermediate
degrader and the MUSIC detector at the final focal plane of the FRS.
These data are taken from both the 190Ta- and 192Ta-centered settings.
The lower group of �q = 0 corresponds predominantly to the fully
stripped charge-state transmitted through the FRS (i.e., fully stripped
ions in both the first and second halves of the FRS).
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FIG. 3. (Color online) Two-dimensional particle identification
plot associated with �q = 0 (i.e., fully stripped) ions from both
190Ta- and 192Ta-centered settings.

2. Particle identification

The particle identification procedure was based on selecting
the ions with �q = 0, as illustrated in Fig. 2. Figure 3 shows
the particle identification plot for �q = 0 ions in terms of the
atomic number, Z, as derived from the measured energy loss
of the fragments in the MUSIC detector, versus the measured
TOF in the second half of the FRS, which is related via
the magnetic rigidity to the mass-over-charge ratio of the
transmitted ions.

A two-dimensional matrix of detected γ -ray energies, as
measured by the RISING array, versus their detection time
relative to the signal from the heavy ion passing through the
scintillation detector (Sci41) was created for all identified
species in Fig. 3. The germanium γ -ray timing signal was
recorded using the XIA DGF modules for each germanium
channel, which gave an absolute time measurement with a
resolution of 25 ns (see Refs. [37–41] for details). γ -rays from
decays of previously reported isomeric states were used as
internal checks on the particle identification procedure and to
provide an independent validation of the γ -ray energy and
timing measurement calibrations. Figure 4 shows selected
γ -ray energy spectra and associated decay curves correspond-
ing to γ -ray decays from isomeric states identified in the
current work. Decays from the previously reported isomers
in 188Ta, 190W,1 192Re, and 193Re [25] are all clearly identified.

The current data also show evidence for isomeric states in
187Hf, 189,190Ta, and 191W. Evidence for the decays in 189Ta and
191W was previously reported in a conference proceeding from
our Collaboration [45] following a survey of the region using
the projectile fragmentation of a 208Pb beam with RISING and
a passive stopper. The current data confirm these observations.
In addition, previously unreported isomeric decays in 187Hf

1We note that the data from the current work on the isomeric decay
in 190W do not show any clear evidence for the 591 keV transition
reported in Refs. [24,25]. This is discussed further in Ref. [26].

FIG. 4. (Color online) γ -ray energy and decay-time spectra of delayed events associated with isomeric states identified in 188,189,190Ta
(�t = 0.2 → 22, 0.2 → 12, and 0.03→ 0.55 µs, respectively), 190,191W (�t = 2 → 395 and 0.08→ 3 µs, respectively), 192,193Re (�t = 3 →
350 and 2 → 350 µs, respectively), and 187Hf (�t = 0.08 → 1.1 µs).
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FIG. 5. (Color online) The implantion event maps for 188Ta (left), 190W (center), and 192Re (right) as measured in the front central DSSSD
from the 190Ta setting.

and 190Ta have been identified for the first time in the current
work.

C. Implant-decay correlation technique

The technique of correlating the implanted ions with their
subsequent β decay is based on the identification of the
implantation position in the active stopper and the time of
correlation between the implanted ion and subsequent β

particle in the same or neighboring pixels of the DSSSD.
The FRS was operated in monochromatic mode [46] in this
experiment, which had the effect of distributing the implanted
ions across a relatively wide area on the active stopper silicon
detectors. This approach was required so that the probability
of having multiple implantations of nuclei in the same pixel
within a typical correlation time would be minimized. The
use of the monochromatic mode also had the advantage of
minimizing the range distribution of ions of a given species
within the active stopper; thus, in general, selected isotopes of
interest were stopped in a single layer of a given DSSSD.
The radioactive ions were implanted in the DSSSD, with
the implantation strip positions determined and an absolute
measurement of the implantation time made via a digital,
absolute time stamp. A valid implanted event was selected
with the criterion that it produced a high-energy signal in the
active stopper (>10 MeV) using the logarithmic region of
the preamplifier response. Figure 5 shows two-dimensional
position histograms of the implantations within one of the
DSSSDs for 188Ta, 190W, and 192Re from the 190Ta setting.

The strip position, energy deposited, and time stamp for
β−-decay signals in the DSSSD were correlated with the most
recent implantation signal in the same or near-neighboring
pixel. Figure 6 shows the energy spectrum of ions and β

particles taken from the sum of energies deposited in DSSSD 1
and 2 (see Fig. 1). For each secondary ion of interest implanted
in a well-defined DSSSD pixel, any energy above the threshold
identified in that or neighboring pixels was considered a
candidate for β− events from the implanted mother nucleus.
The time differences between the implanted events and their
correlated β particle were then used to generate the β-decay
time curves.

III. RESULTS

A total of 4132, 8579, and 1722 implantation events were
identified for 188Ta, 190Ta, and 192Ta ions, respectively. The

β-delayed γ rays associated with these events are shown in
Fig. 7, which provides spectral information on the daughter
nuclei, 188W, 190W, and 192W. Implant-β time differences of
up to 100, 30, and 15 s for 188Ta, 190Ta, and 192Ta, respectively,
were used in this analysis. These γ -ray spectra have all had
random, normalized γ -ray spectra subtracted from them, with
the random spectra generated from long correlation times
after the implantation and normalized to the time range of
the original time gate. The insets of Fig. 7 show the time
spectra associated with β decays of 188Ta, 190Ta, and 192Ta,
gated on discrete γ -ray lines identified in the tungsten daughter
nuclei. The quoted decay half-lives were determined using a
single-component exponential decay with a least-squares-fit
minimization method and assuming a constant background
level. A summary of the results from this γ -ray analysis for
the decays identified in 188W, 190W, and 192W in the present
work is given in Table II.

A. Decay of 188Ta to 188W

Figure 7(a) shows discrete transitions at γ -ray energies of
143, 297, and 434 keV following the β decay of 188Ta to excited
states in 188W. A half-life of 19.6(20) s for this β−-decaying

FIG. 6. (Color online) Total energy implanted by the nuclei within
the silicon active stopper detector for the 190Ta and 192Ta settings. The
double-peaked structure represents the energy deposited from both
the direct implantations and for fission fragments, which are also
transmitted through the FRS and pass through the active stopper. The
deposited energies of β particles is shown on the left-hand side of the
figure.
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TABLE II. Energies, relative intensities, total internal conversion coefficient (αtot), β intensities, and deduced log ft values associated with
the γ -ray transitions observed in the β decay of 188,190,192Ta.

Nucleus Elevel (keV) Eγ (keV) Iγ αtot [47] Itot
a Ii → If Iβ (%) log ft

188Ta →188W 143 143 100(22) 1.03 203(44) 2+ → 0+ – –
Qβ = 4854(196) keV 440 297 123(31) 0.09 134(35) 4+ → 2+ – –

874 434 80(26) 0.04 83(26) 6+ → 4+ 53(20) 5.82(20)

207 207 100(19) 0.29 129(24) 2+ → 0+ 17(+21
−17) 6.3(+∞

−0.4)
190Ta →190W 454 247 60(14) 0.16a 69(16) 2+

2 → 2+ 61(19) 5.65(24)
Qβ = 5634(466) keV 454 454 24(10) 0.03 25(11) 2+

2 → 0+ 61(19) 5.65(24)
564 357 30(12) 0.05 32(13) 4+ → 2+ 22(8) 6.08(23)

192Ta →192W 219 219 100(26) 0.23 123(32) 2+ → 0+ 100 5.40
Qβ = 6501 keVb

aCalculated assuming the extremum of a pure E2 multipolarity for the 2+
2 → 2+

1 decay.
bExtrapolated value, taken from Ref. [48].

state in 188Ta was deduced in the current work [see the inset in
Fig. 7(a)].2

These γ -ray energies correspond to previously observed
decays from the first three excited states in the ground-state
band of 188W, reported following in-beam studies using
both deep-inelastic reactions [22] and two-neutron transfer
reactions [23]. By contrast, the transition from the yrast 8+
state in 188W (Eγ = 554 keV) as reported in Ref. [23] is not
apparent in this spectrum. γ -ray energy peaks at 184, 204,
and 401 keV are also identified in the β-delayed spectrum.
These transitions were reported by Lane et al. [49] following
the decay of an isomeric state in 188W, with a lifetime in
the 100-ns regime. The current work does not have sufficient

2Note that this discussion assumes that a single β-decaying state is
observed in the present work. The presence of two parallel, low-lying,
β-decaying states in 188Ta with similar half-lives cannot be ruled out
in the current work.

statistics for a γ -γ coincidence analysis of the decays from
this isomer.

The log ft values were calculated assuming ground-state
mass values taken from Ref. [50]. For the 188Ta decay, the
log ft value was estimated assuming a direct β−-feeding branch
to the yrast Iπ = 6+ in 188W. It should be noted, however,
that the observation of discrete transitions associated with
the isomer decay branch reported by Lane et al. suggests
some degree of competition in the direct feeding through a
parallel branch in 188W. From the observed γ -ray intensities
in Fig. 7(a), an estimate of the direct β feeding to the yrast
Iπ = 6+ state has been made, which in turn has been used
to extract a value for log ft for the decay of 188Ta to the
yrast 6+ state in 188W, given in Table II.3 There is no evidence

3Because the complete feeding intensity into the tungsten daughter
is not established in the current work, we note that the log ft values
given in Table II should be regarded as lower limits rather than precise
values.

FIG. 7. (Color online) β-delayed γ -ray spec-
tra to populate excited states in (a) 188W
(�timplant−β = 100 s); (b) 190W (�timplant−β =
30 s), with the insert showing the enlargement
of the 420→500 keV region; and (c) 192W
(�timplant−β = 15 s). A normalized random back-
ground has been subtracted from each γ -ray
spectrum.
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in the current work that the decays from the reported isomer
feed the Iπ = 6+ yrast state in 188W. Accordingly, we assume
that the β−-decay feeding from the decay of 188Ta leads to two
parallel cascades of γ rays with 53% of direct feeding to the
yrast Iπ = 6+ state and the remainder feeding to the isomeric
state. Under these assumptions, it is possible to derive a lower
limit for the log ft value of 5.82(20) from the direct β−-decay
transition to the Iπ = 6+ state from the measured half-life of
188Ta of 19.6(20) s.

B. Decay of 190Ta to 190W

The β-delayed γ -ray spectrum for transitions in 190W is
shown in Fig. 7(b). The previously reported isomeric state
in 190W [24–26] was also directly populated via projectile
fragmentation in the current work, as shown in Fig. 4.
Following population by the β− decay of 190Ta, two discrete
γ -ray lines at energies of 207 and 357 keV are observed,
establishing these as the decays from the yrast states with
Iπ = 2+ and 4+, respectively, in 190W. A γ -γ coincidence
analysis was also performed with the data from this experiment
on the isomer-delayed transitions in 190W, which confirmed the
mutually coincident nature of the 207- and 357-keV transitions
(see Fig. 8).

In addition to these previously reported transitions in
190W, a transition at 247 keV is also observed in the β-
delayed coincidence spectra following the decay of 190Ta. This
transition is interpreted as arising from the decay of the 2+

2
state in 190W, which feeds directly into the yrast Iπ = 2+
state. The limited statistics in the current β-delayed data
preclude a γ -γ coincidence analysis to prove the direct feeding
of the 247-keV line into the yrast Iπ = 2+ state; however,
this interpretation is made on the following basis: (i) There
are no other γ -ray transitions of similar intensity present in
the 190Ta correlated, β-delayed spectrum shown in Fig. 7(b);
(ii) The 485-keV transition (which is assumed to decay from
the Iπ = 6+ member of the 190W ground-state band [24–26])

FIG. 8. Isomer-delayed γ -γ coincidence gate on (upper panel)
the 207-keV transition in 190W and (lower panel) the 357-keV
transition in 190W. The time gate condition was selected from
2→ 395 µs following the ion implantation in the active stopper.

is not apparent in the β-decay data. (Note that the population of
the yrast 6+ state in 190W is observed following the isomeric
decay of the same nucleus in the current work; see Fig. 8.)
Thus, it is suggested that Iπ = 2+ is the most likely spin-parity
assignment for this level. (iii) An Iπ = 4+ assignment would
make the 454-keV state yrast, in which case it would have been
expected to have been populated in the decay of the isomeric
state previously reported in 190W, which it is not. An Iπ = 3+
assignment would imply that it is a collective state and built
on the Iπ = 2+ bandhead of the γ -band, which can be ruled
out on the basis of a lack of observation of a candidate for
the required 3+

γ → 2+
2 transition. (iv) Assignments of either

1+ or 1− at this energy in an even-even nucleus are inherently
unlikely. The assumption of a 2+

2 assignment for this state is
further strengthened by the observation of a weak transition
at 454 keV energy in the β-delayed spectrum for transitions
in 190W [see inset in Fig. 7(b)], which would represent the
direct transition from the 2+

2 state to the 0+ ground state
in 190W.

The preceding arguments, together with the measured
intensities (see Table II) for the observed decays from the
4+ and 2+ yrast states at 564 and 207 keV, respectively,
in Fig. 7(b) imply a spin of 3h̄ for the β-decaying state in
190Ta. The assumption of a spin of 3h̄ for the β-decaying
state in 190Ta is consistent (assuming direct population) with
the previously discussed Iπ = 2+ assignment for the 454-keV
level.

Figure 9 shows the systematics of the low-lying states in
even-even tungsten isotopes with A = 180 → 192 including
the proposed 2+

2 state in 190W. Such states in deformed
nuclei usually are associated with the bandhead of the
Kπ = 2+γ -vibrational band. We note that the assumption
of the second 2+ state in 190W at an excitation energy of
454 keV is in line with the trend expected for this region,
with the ongoing, systematic decrease in the energy of the
2+

2 state relative to the yrast 4+ states in this isotopic chain
approaching the N = 116 isotone, 190W.

FIG. 9. (Color online) Systematic behavior of the low-lying states
of even-A tungsten isotopes with A = 180 → 192. The dashed lines
correspond to the second Iπ = 2+ states. The data are taken from
Ref. [51] and the current work.
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If it is assumed that the β− decay of the 190Ta ground state
feeds only the 207, 454 and 564 keV levels, then the log ft
values for the β− feeding of these levels given in Table II can
be derived using the half-life measured in the present work
and a Qβ− value of 5.634 MeV [50].

C. Decay of 192Ta to 192W

The β-delayed γ -ray spectrum showing transitions in 192W
following the decay of 192Ta is shown in Fig. 7(c). A single
γ -ray line at an energy of 219 keV is evident and is interpreted
as arising from the yrast 2+ → 0+ transition in 192W. The
decay half-life measurement for 192Ta gated on the 219-keV
γ -ray photopeak is 2.2 ± 0.7 s. We note that 219 keV is almost
the same energy as the 2+ → 0+ transition in the N = 118
isotone, 194Os [E(2+) = 218 keV], and indeed the same, near-
isospectral behavior is also evident for the N = 116 isotonic
doublet 190W and 192Os [E(2+) ≈ 207 keV]. The possibility
that the 219-keV transition observed in the present work is the
result of a misassignment of the β decay of 194Re into 194Os
can be discounted as this specific decay has also been studied
in the same data set, with multiple other transitions observed
resulting from decays from higher spin states in 194Os [27].

The likely spin of the decaying state in the 192Ta parent
nucleus can be restricted to 1h̄ or 2h̄ on the basis of the expected
β−-decay selection rules and the lack of any apparent line
associated with the 4+ → 2+ transition in 192W. However,
it should be noted that, on the basis of the statistics in the
current work as shown in Fig. 7(c), the possible population
of higher spin states in the yrast cascade in 192W and thus
a higher spin for the β-decaying state cannot be ruled out.
From a comparison of the number of implants and associated
β−-γ -ray coincident event, there is no strong evidence of direct
feeding from the β− decay of 192Ta to the ground state of 192W,
although such a branch cannot be exclusively ruled out in the
current work. The lower limit for the log ft value for this decay
given in Table II assumes 100% feeding in the β− decay to the
proposed yrast Iπ = 2+ state in 192W.

IV. DISCUSSION

A. Subshell closure for the A ∼ 190 region?

The systematics of the energy ratio R(4/2) =
E(4+)/E(2+) is arguably the best indicator of changes in
low-lying nuclear structure [17]. However, for the most exotic
nuclei, often only the energy of the first 2+ state is known.
In general, the energy of the first 2+ state has been shown to
decrease as the number of the valence nucleons (and related
quadrupole collectivity) increases [52]. This general trend is
opposite to the magnitude of the energy ratio and, thus, the
1/E(2+

1 ) systematics should follow behavior similar to that for
the R(4/2) ratio. Cakirli and Casten [53] have recently used
these empirically derived observables to demonstrate evidence
for subshell closures in different regions of the nuclear chart.
They also noted that the behavior of the R(4/2) and 1/E(2+

1 )
observables appear to scale with each other in regions of shape
evolution and that evidence of subshell closures can be seen

FIG. 10. (Color online) Experimental ratio of the excitation
energies of the yrast Iπ = 4+ and 2+ states [R(4/2)] for the even-even
nuclei with (left) Z = 66 → 78 and for N > 98 and (right) similar
plot for Z = 56 → 72 and for N = 84 → 92, showing the effect of
the subshell closure in this region. These data are taken from Ref. [51]
and the present work.

in the appearance of a “bubble” in the evolution of such plots
as a function of proton or neutron number.

The energy ratios in Fig. 10 show a gradual, systematic
decrease in the value of R(4/2) with neutron number from
182W108 [R(4/2) = 3.29] to 188W114 [R(4/2) = 3.07]. This is
followed by a very dramatic decrease at the N = 116 isotone,
190W, for which the ratio drops to a value of R(4/2) = 2.7,
approaching the triaxial-rotor limit of R(4/2) = 2.5. This
gives rise to what appears to be the onset of the bubble
effect described by Cakirli and Casten. With the data point
for 192W from the current work, this behavior is even more
dramatically demonstrated by the behavior of the 1/E(2+

1 )
observable, as shown in Fig. 11, which shows the beginning of
a gap/bubble pattern for the A ∼ 190 region. Evidence for such
a subshell effect or dramatic shape evolution with the addition
or removal of two nucleons can also be seen from the difference

FIG. 11. (Color online) The empirical 1/E(2+
1 ) values plotted

(left) against the proton number for the A ∼ 190 region and (right) as
a function of neutron number, N , between 100 and 122. These data
are taken from Ref. [51] and the present work.
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FIG. 12. (Color online) Systematics of the difference in the
excitation energy ratio, δR(4/2), for heavy even-even neutron-rich
nuclei with N = 104 → 118. These data are taken from Ref. [51]
and the present work.

in R(4/2) between neighboring even-even isotopes; that is,
δR(4/2) = R(4/2)Z,N − R(4/2)Z,N−2 [54]. Figure 12 shows
this quantity for the Hf, W, Os, and Pt isotopes with neutron
numbers ranging from the midshell at N = 104 up to N = 118.
The value for δR(4/2) of greater than 0.3 between 188W and
190W represents one of the largest δR(4/2) differences in the
entire Segré chart. This provides compelling evidence for a
dramatic change in the ground-state structure for W isotopes
in going from N = 114 to N = 116.

B. Triaxial softness around N = 116

Evidence for triaxial (or γ -soft) collective behavior in
nuclei can be obtained by using a number of basic experimental
observables. These include (i) R(22/21), the excitation energy
ratio between the second and first spin-parity 2+ states;
(ii) the R(4/2) ratio; and (iii) the ratio of the reduced matrix
probabilities between the second and the first 2+ states and

from the second 2+ state to the ground state, R2 = B(E2:2+
2 →2+

1 )
B(E2:2+

2 →0+
1 )

[17]. The E(2+
1 ) energy is expected to increase with increasing

neutron number as the N = 126 shell closure is approached.
This increase seems to be continued for the heavier tungsten
isotopes using the data for the 2+

1 energy in the N = 118
isotone, 192W, from the current work. This general behavior of
a reduction in the energy ratio R(4/2) and parallel increase in
the energy of the first 2+ state in these isotopes is indicative
of the expected reduction in quadrupole collectivity as the
neutron number approaches the N = 126 closed shell.

The R(4/2) value in 190W can be explained as a general
feature of a γ -soft potential. Jolie and Linnemann [9] sug-
gested that the region of nuclei between 180Hf and 200Hg ex-
hibits prolate-oblate deformations and phase-shape transitions
between these two shapes. There have also been theoretical
predictions of a ground-state/low-lying shape transition from
prolate to oblate shapes in this mass region using a variety
of mean-field models (see Ref. [7] and references therein).
This phase transition occurs at the O(6) symmetry in the

interacting boson approximation (IBA) [10–13]. It is useful
to apply the IBA model to 190W, because it allows one to
investigate the γ dependence of the potential appropriate for
this nucleus. To study 190W, we used a simple, two-parameter
IBA-1 Hamiltonian suitable for most collective nuclei. This
Hamiltonian can be written as [55,56]

H (ζ ) = c

[
(1 − ζ )n̂d − ζ

4N
Q̂χ · Q̂χ

]
, (1)

where N is the number of valence bosons, n̂d = d† · d̃, and
Q̂χ = (s†d̃ + d†s) + χ (d†d̃).

This Hamiltonian has two parameters, ζ and χ , with an
overall scaling factor. In this Hamiltonian, ζ = 0 gives a U(5)
or a quadrupole vibrator spectrum (the n̂d term) while ζ = 1
gives a rotor (the Q̂ · Q̂ term). In this latter case, one has
an axial rotor for χ = −

√
7

2 = −1.32 and a γ -soft [O(6)] for
χ = 0. Intermediate values of ζ and χ allow one to span a
wide range of collective structures.

To use Eq. (1), a technique was used based on the orthogonal
cross-contour method [57]. In this approach, one can place
a nucleus in the symmetry triangle for the IBA by using a
contour of constant values of a pair of observables. With
the data available, we used R(4/2) and E(2+

2 ). In the O(6)
limit, E(2+

2 ) = E(4+
1 ) due to their common membership

in the τ = 2, O(5) multiplet. For any other situation, the
IBA-1 Hamiltonian [55,56] of Eq. (1) gives E(2+

2 ) > E(4+
1 ).

Therefore, it is impossible to obtain a precise fit for the 190W
data, because the experimental values have E(2+

2 ) < E(4+
1 ).

Experimentally, R(4/2) = 2.72 for 190W. The contour for
this value for N = 9 is shown in the inset of Fig. 13.
To investigate the structure further, another observable is
required, and so the E(2+

2 ) values are calculated along the
R(4/2) = 2.72 contour. The results for E(2+

2 ) are compared
with experimental value, as shown in Fig. 13.

The experimental value of R(4/2) is consistent with a γ -soft
[R(4/2) ≈ 2.5] structure but does not establish it because a

FIG. 13. (Color online) IBA-1 calculations for E(2+
2 ) 190W along

the contour in the IBA-1 symmetry triangle (dotted-line contour in
the triangle) corresponding to R(4/2) = 2.72. The closest calculated
result to the experimental E(2+

2 ) value is the one near the O(6)
geometrically limit.
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FIG. 14. Results of IBA-1 calculations for 190W and comparison
with the experimentally measured low-lying energy levels for this
nucleus.

value of 2.7 can also be obtained for an axially symmetric
quasirotor, as seen the inset of Fig. 13. Because the two
parameters of the IBA-1 Hamiltonian of Eq. (1) cannot fit
a 2+

2 energy as low as observed experimentally, the best
fit is obtained for a γ -soft structure very close to O(6).
The theoretical-level scheme obtained from this procedure is
compared with the experimental data in Fig. 14.

From a consideration of O(6) and also of the IBA cal-
culations on the right-hand side of Fig. 14, one characteristic
feature is a staggering in the γ -band energies, and in particular
a near degeneracy of the 3+

γ and 4+
γ levels. Experimentally

identifying these levels would provide a good future test of
these ideas.

The identification of a weakly populated peak at 454 keV
energy in 190W suggests a direct transition from the 2+

2 state to
the ground state 0+ in 190W. In the pure, idealized O(6) limit,
such a transition is forbidden [10–13]; however, in realistic,
finite nuclear systems, such hindered transitions have been
observed. The statistics in the current work preclude an angular
distribution analysis to establish the M1/E2 mixing ratio of
the proposed, unstretched (2+

2 ) → 2+
1 transition in 190W (Eγ =

247 keV).

FIG. 15. (Color online) The ratio of the excitation energies of the
Iπ = 2+

2 and Iπ = 2+
1 states for heavy even-even neutron-rich nuclei

with N = 104 → 120. These data are taken from Ref. [51] and the
current work for 190W.

FIG. 16. (Color online) Empirically deduced γ values for heavy
Hf → Hg even-even neutron-rich nuclei with N = 104 → 120 using
Eqs. (2) and (3) of the Davydov model (see text for details).

Another empirical quantity, which has been used to infer
the prolate-oblate shape-transition regions, is the energy ratio
E(2+

2 )/E(2+
1 ) [58]. Figure 15 shows a systematic of this ratio

versus the neutron number of even-even Hf → Hg (Z = 72 →
80) isotopes N = 104 → 120. The figure shows an apparent
maximization of the γ softness for Os, Pt, and Hg at neutron
number N = 116 in which the new data point for 190W from
the current work is consistent with this trend.

An estimate of the value of the static or average triaxial
deformation parameter, γ , can be extracted from the Davydov
model [59] using the energy ratio E(2+

2 )/E(2+
1 ). Although the

Davydov model represents an asymmetric nucleus with a rigid
shape, this parameter can provide a simple prediction of a
static γ value that can be compared with the average γ value
associated with γ -soft potentials. The expression described in

FIG. 17. (Color online) Systematics of the excitation energy
difference between the Iπ = 2+

2 and Iπ = 4+ states for the even-even
Hf → Hg nuclei as a function of the neutron numbers for N = 104 →
120. These data are taken from Ref. [51] and the present work.
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FIG. 18. (Color online) TRS calculations for the ground-state
configurations of (left) 188W with β2 = 0.178 and γ = 1.3◦, (middle)
190W with β2 = 0.158 and γ = −120.0◦, and (right) 192W with
β2 = 0.136 and γ = −24.1◦. The energy contours in this figure are
separated by 200 keV.

Ref. [17] is used to extract the γ value as follows:

E(2+
2 )

E(2+
1 )

= [1 + X]

[1 − X]
, (2)

where

X =
√

1 − 8

9
sin2(3γ ). (3)

Therefore, when X = 1 (i.e., for γ = 0◦), the energy
ratio E(2+

2 )/E(2+
1 ) → ∞, whereas for X = 1/3, γ = 30◦. For

190W the ratio of E(2+
2 )/E(2+

1 ) is equal to 2.19, leading to a
value of γ ≈ 27◦. Figure 16 shows the γ values extracted for
the even-even Hf → Hg isotopes with N = 104 → 120 using
Eqs. (2) and (3). The maximum γ -value appears to be reached
at N = 116 for W, Os, and Hg.

A second quantity used to infer prolate-oblate shape-
transition regions is the energy difference between the E(2+

2 )
and E(4+) levels [58]. According to Kumar [60], a negative
value of E(2+

2 ) − E(4+) (i.e., the second 2+ state lying lower
in energy than the yrast 4+ state) is a good indicator of a
region of prolate-oblate phase transition. Figure 17 shows this
energy difference versus the neutron number for the region
of interest. These systematics display similar characteristics
to the E(2+

2 )/E(2+
1 ) systematics shown in Fig. 15. The

neutron number N = 116 again appears to be associated with
maximum γ softness for the low-lying states in the Os, Hg,
and possibly W isotopic chains.

In their recent theoretical studies of this region using a
Skyrme Hartree-Fock plus BCS pairing approach, Sarriguren
et al. [7,61] predicted that 190W lies on the near-critical point

between prolate and oblate shapes in this region, with a
prediction of a very shallow triaxial minimum for the ground-
state shape with a predicted γ = 25◦. These authors also point
out that neutron number N = 116 appears to be a “saddle
point” for the the Yb, Hf, W, and Os isotopes with respect
to maximum γ softness at the transition between axially
symmetric prolate and oblate ground states for N � 114 and
N � 118, respectively.

Total Routhian surface (TRS) calculations using the pre-
scription described in Ref. [62] for the ground-state configura-
tions of 188,190,192W have been performed as shown in Fig. 18.
The calculations predict an evolution from a prolate (albeit)
γ -soft potential in 188W to a very γ -soft potential for 190W
and 192W. Indeed, the very flat energy change associated with
the γ degree of freedom for β2 ≈ 0.15 can be linked to a clear
predicted region of prolate/oblate shape coexistence associated
with an O(6)-like potential.

V. CONCLUSIONS

The low-lying states of 188W, 190W, and 192W have been
investigated following the β− decay of their tantalum mother
nuclei populated in relativistic projectile fragmentation reac-
tions. The results support the previously reported assignments
for the first 2+ and 4+ states in 190W and provide candidates
for decays from the second 2+ state in this nucleus and the
first 2+ state in 192W. The results are consistent with the
fact that N = 116 represents a maximum value of γ softness
in this region at the intersection between prolate and oblate
deformations for lighter and heavier isotopes, respectively.
A direct link between the emergence of a localized proton
subshell closure at Z � 74 for N � 116 and the apparent
maximum values of γ softness around N ∼ 116 is not clear at
the present time.
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Abstract. Heavy neutron-rich nuclei have been populated through the relativistic fragmentation of a 208
82Pb

beam at E/A = 1 GeV on a 2.5 g/cm2 thick Be target. The synthesised nuclei were selected and identified
in-flight using the fragment separator at GSI. Approximately 300 ns after production, the selected nuclei
were implanted in an ∼ 8 mm thick perspex stopper, positioned at the centre of the RISING γ-ray detector
spectrometer array. A previously unreported isomer with a half-life T1/2 = 163(5) ns has been observed in
the N = 126 closed-shell nucleus 205

79Au. Through γ-ray singles and γ-γ coincidence analysis a level scheme
was established. The comparison with a shell model calculation tentatively identifies the spin-parity of the
excited states, including the isomer itself, which is found to be Iπ = (19/2+).

PACS. 29.30.Kv X- and γ-ray spectroscopy – 25.70.Mn Projectile and target fragmentation – 23.35.+g
Isomer decay

1 Introduction

Experimental information on the neutron-rich N ≈ 126
nuclei is scarce. It is particularly difficult to access these

a e-mail: Z.Podolyak@surrey.ac.uk

nuclei experimentally. They are inaccessible with sta-
ble beam/target fusion-evaporation reactions and are too
heavy to be populated in fission. Although deep inelas-
tic reactions have been used to access relatively high-spin
states in nuclei with a few neutrons more than the most
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neutron-rich stable isotopes [1], this technique is limited
by a general difficulty in channel selection. Projectile frag-
mentation at intermediate and relativistic energies has
proved to be an efficient and selective way of populat-
ing states in nuclei far from the valley of stability [2,3]
and is an ideal tool for the study of metastable states
in heavy neutron-rich nuclei [3]. The highest sensitivity
is achieved with decay (both internal isomeric decay and
beta decay) spectroscopy. In this technique the delayed
gamma rays are correlated with the individually identified
ion, thereby minimising the associated background radia-
tion. Information on the excited states populated in this
way can be obtained with only ∼ 1000 nuclei produced.
In its simplest form the technique is sensitive to isomeric
decays with lifetimes between 100 ns and 1ms. The lower
limit comes from the flight-time through the fragment sep-
arator, the upper limit is determined by the necessity of
correlating delayed gamma rays with the implanted ion.
However, shorter lifetimes could also be detected if the
decay branch by electron conversion was hindered for spe-
cific charge states of the ion [4]. In the case of beta-decay,
with the use of an active stopper, the delayed gammas
and beta can be correlated with the implantation of the
incoming ion over more than 10 s.

The first pioneering isomeric decay experiment follow-
ing the population of heavy nuclei in fragmentation re-
action was performed more than a decade ago [3], with
further experiments following [5]. More recently, a set of
experiments have been performed at GSI aimed at the
study of neutron-rich N ≈ 126 nuclei.

Studies of magic nuclei are of fundamental importance
in our understanding of the nuclear structure since they al-
low direct tests of the purity of shell model wave functions.
Information on the single-particle energies can be derived
from the experimental observables such as the energies of
the excited states and transition probabilities. The exper-
imental information on the structure of these nuclei can
be used as building blocks for calculating more complex
configurations. The more information that is available, the
more robust are the predictions that can be made on the
properties of more neutron-rich species. These are of par-
ticular importance as the r-process path nuclei, experi-
mentally unreachable in this mass region so far, are ap-
proached [6].

In this contribution new experimental information ob-
tained on the closed N = 126 neutron shell nucleus
205Au is presented. The same experiment provided a vast
amount of information on a large number of nuclei with
N ≤ 126 [7–10], most notably the yrast structure of the
four-proton hole nucleus 204

78Pt was observed up to spin-
parity 10+ [10].

2 Experimental details

Heavy neutron-rich nuclear species were synthesised
through the relativistic fragmentation of a 208Pb beam
at E/A = 1GeV on a 2.526 g/cm2 thick Be target. The
beam was accelerated using the GSI UNILAC and SIS-18
accelerators; the primary beam intensity was of 9 × 108

particles per spill, with the period between the start of
each spill being 25 seconds and the spills lasting for 8 sec-
onds. After exiting the target, the “cocktail” of secondary
beam fragments was selected and identified using the GSI
FRagment Separator (FRS) [11]. The FRS was operated
in achromatic mode with a wedge-shaped degrader in the
intermediate focal plane. The identified ions were stopped
in an ∼ 8mm thick perspex passive stopper, positioned
at the final focal plane of the FRS. The stopper was sur-
rounded by the RISING array in the “Stopped Beam” con-
figuration [12,13]. The details of the experimental setup
employed in the present experiment as well as the identi-
fication procedure are described in refs. [10,14].

In total nine different magnetic rigidity settings of the
FRS were used during the experiment [7,9]; three of these,
optimised for the maximum transmission of 192W, 199Os
and 203Ir, transmitted 205Au nuclei. The total number of
205Au nuclei implanted in the stopper was ∼ 340 × 103,
with ∼ 240×103 of these (∼ 70%) produced in the setting
centred on 199Os.

The identification spectra for the data collected in the
199Os setting are given in fig. 1. The charge state of the
ions can be obtained from the energy loss at the final fo-
cal plane vs. change in magnetic rigidity, ΔBρ (∝ q2), at
the intermediate focal plane matrix (fig. 1 (top)). To a
large extent the ions labelled with Δq = 0 (those that do
not change charge state when passing through the wedge
placed in the middle focal point of the FRS) are fully
stripped during the whole flight-path from target to stop-
per. The nuclei labelled with Δq = −1 are those which
pick up an electron in the middle of the FRS, therefore
the majority of them are fully stripped in the first part
of the separator and H-like in the second half of it. The
nuclei labelled with Δq = +1 are those which lose an elec-
tron in the middle of the FRS, therefore they are most
likely to be H-like in the first part of the separator. The
final identification is given by the matrix of position in
the final focal plane vs. A/q (fig. 1 (bottom)). The mass-
over-charge ratio (A/q) is determined from the measured
time of flight in the second part of the FRS and from the
tracking of the ions [9,10,15].

3 Results and discussion

The γ-ray data associated with 205Au from all three of the
FRS settings mentioned above has been combined. The
singles γ-ray spectrum is presented in fig. 2 and details of
the transition energies and intensities are given in table 1.
Seven transitions are observed, with energies of 243, 737,
928, 946, 962, 980 and 1172 keV. Individual measurements
of the decay curves associated with each of the observed
transitions have been performed. In all cases the measured
half-lives are observed to be identical, within experimen-
tal uncertainties. This indicates that all of the transitions
are emitted following the decay of a single isomer. The
final measured half-life of that isomer is determined by
combining the statistics from all of the transitions, with
the exception of the 243 keV transition (which is excluded
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Fig. 1. Identification of the fragmentation products in the FRS
setting optimised for 199Os transmission. Top: energy loss at
the final focal plane vs. change in magnetic rigidity at the in-
termediate focal plane. This distinguishes between nuclei with
different charge states, see text. Bottom: position at the final
focal plane vs. A/q in the second stage of the FRS for H-like
(Δq = −1) nuclei.

due to its low intensity on a relatively high background).
The half-life is found to be T1/2 = 163(5) ns.

The statistics obtained allows γ-γ coincidence analysis
to be performed. A γ-γ coincidence matrix was built with
the conditions that both photons are detected in the time
window Δt = 25 → 700 ns following the implantation, and
that they are observed within 100 ns from each other. In
fig. 3 the relevant gated coincidence spectra are presented.

The energies of the identified γ-ray energies suggest the
existence of three parallel decay branches. The 737+1172,

Fig. 2. Singles γ-ray spectrum observed in the time range
Δt = 25 → 700 ns following the implantation of nuclei identi-
fied as 205Au. Inset: background-subtracted decay curve from
the combined statistics of all identified transitions, with the
exception of the 243 keV transition; the fit to the data was
performed by the least-square method to a single exponential
decay.

Table 1. Measured 205Au transition energies and γ-ray inten-
sities. The uncertainty on γ-ray energies is 0.3 keV, except for
the 243 keV transition which has an uncertainty of 0.5 keV.

Eγ (keV) Iγ (arb. units)

243.4 4(2)

736.9 39(2)

928.3 23(2)

946.1 94(4)

962.5 100(5)

962.5 11(4)

980.2 24(2)

1171.5 32(2)

Fig. 3. γ-γ coincidence spectra associated with 205Au. The
γ-rays were detected in the time range Δt = 25 → 700 ns fol-
lowing the implantation of the nucleus, with the time difference
between the γ-rays being ≤ 100 ns.
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Fig. 4. Left: yrast and near-yrast predicted excited states in
205Au for excitation energies of up to ∼ 3 MeV, for details of
the shell model calculation, see text. Right: the experimental
level scheme obtained in the current work. The energy and the
half-life of the first-excited state are from [21]. The spin and
parity assignments were obtained from comparison with the
shell model calculations.

928 + 980 and the 946 + 962 keV pairs all add up to
1908 keV to within 0.2 keV from one another (see table 1).
Also, it is likely that the 243 keV γ-ray connects two of
these parallel decay routes, since 980 − 737 = 243. The
coincidence analysis supports these conclusions. In addi-
tion, it turned out that the 962 keV line is a doublet. It is
in coincidence not only with its expected partner 946 keV
transition, but also with the 980 keV line. The level scheme
constructed is shown in fig. 4. The existence of an unob-
served highly converted 34 keV transition had to be in-
ferred from the data.

Shell model calculations for 205Au have been per-
formed in the s1/2, d3/2, h11/2, d5/2, g7/2

208Pb proton-
hole space with the OXBASH code [16] using single-
particle energies obtained from the experimental level
scheme of 207Tl [17] and two-body matrix elements
(TBME) from ref. [18]. These are based on the Kuo-Brown
interaction including core polarisation [19,20], with slight
modifications introduced to obtain an improved descrip-
tion of the experimental data available at the time. This
parametrisation proved to describe the excited states of
206Hg [1] and 204Pt [10] quite well. The resulting yrast
and near-yrast states in 205Au are presented in fig. 4 for
excitation energies up to ∼ 3MeV.

205Au is a three proton-hole nucleus, with an expected
ground-state configuration of πd−1

3/2 (with the s1/2 being
empty) and spin-parity Iπ = 3/2+. The yrast 11/2− state,
predicted at 921 keV by the shell model calculations, has
πh11/2 character and it should be long lived since it can
decay only through high multipolarity transitions, like in
207Tl [17]. This isomeric state in 205Au was identified in

Table 2. Measured transition strengths in 205Au compared
with those of corresponding transitions in 206Hg [1] and
204Pt [10].

B(EL) (W.u.) 205Au 206Hg 204Pt

B(E3: 19/2+ → 11/2−) 0.3(1)

B(E3: 10+ → 7−) 0.25(3) 0.19(3)

B(E2: 19/2+ → 15/2+) 1.2(2)

B(E2: 10+ → 8−) 0.94(15) 0.80(8)

a recent RISING experiment. The K and L conversion
electron lines associated to the 11/2− → 3/2+ M4 transi-
tion were observed. It was found that the 11/2− state has
an energy of 907(5) keV and a half-life of 6(2) s [21]. This
half-life is much too long to be observed in the present
experiment.

The isomeric state observed in the present experiment
most probably decays into the 11/2− yrast state. The
comparison between the experimental and theoretical level
schemes suggests that the isomer has a spin-parity 19/2+.
Its main decay is via a low energy, 34 keV, E2 transi-
tion into the yrast 15/2+ level. The experimentally de-
duced transition strength (using the intensities of table 1)
is B(E2) = 1.2(2)W.u. We note that our calculations pre-
dict the yrast 19/2+ and 15/2+ states very close in energy,
but with the inverse ordering. These states then decay via
∼ 1MeV transitions into the triplet of predicted states at
around 1800 keV excitation energy, with spin-parities of
11/2−, 13/2− and 15/2−. In addition to the low-energy
branch, the isomer also has a weaker decay branch, pop-
ulating the yrast 13/2− state directly via the 962 keV
E3 transition, with an experimental transition strength
of B(E3) = 0.3(1)W.u.

The measured transitions strengths can be compared
with those of the corresponding transitions in the neigh-
bouring N = 126 nuclei 206Hg and 204Pt (see table 2).
The predominant configurations of the 19/2+ and 15/2+

states in 205Au are π(h2
11/2)10+s1/2 and π(h2

11/2)8+s1/2, re-
spectively. The E2 transition strength has similar value to
those of the analoguos B(E2 : π(h2

11/2)10+ → π(h2
11/2)8+)

strengths in both 206Hg and 204Pt. The E3 transition
in 205Au connects the states with main configurations
π(h2

11/2)10+s1/2 and π(h11/2d3/2s1/2). The corresponding
B(E3) transition strengths in both 206Hg and 204Pt are
close, although in this case a strict similarity cannot be
expected as in 205Au the situation is complicated by the
coupling of the s1/2 and d3/2 protons to 1+ and 2+. The
measured transition strengths support our interpretation.

4 Conclusions and outlook

Projectile fragmentation when combined with decay spec-
troscopy is a powerful tool in the study of the structure
of exotic nuclei. Several such experiments with the aim of
the study of the structure of neutron-rich N ∼ 126 nuclei
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have been performed during the last decade. Here, new ex-
perimental information on the closed neutron shell nucleus
205Au was presented. Gamma-ray transitions following the
decay of an isomeric state with half-life T1/2 = 163(5) ns
have been observed and a level scheme was obtained. The
spin-parity assignment was performed by comparing the
experimental level scheme with shell model calculations.

During recent years a lot of progress has been made
in obtaining information on the structure of the heavy
neutron-rich nuclei. Recently, measurements using the
same technique as presented here, but employing an active
Si stopper [22], were performed and information on the β-
decay of several nuclei has been obtained [23–25]. Further-
more, nuclei with N > 126 and Z < 82 were populated
in the fragmentation of a 238U beam [26]. The first re-
sults from these experiments have just started to emerge.
By combining all the experimental information to be ob-
tained from these studies, a much better understanding of
this mass region will be achieved.
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Isomeric states in nuclei with Z = 62–67 and A = 142–152 produced
in the fragmentation of the relativistic (1 GeV/nucleon) 208Pb beam were
investigated. Isomeric ratios were determined for 10 isomeric states. Signifi-
cant differences between theoretical and experimental values were observed.

PACS numbers: 25.70.Mn, 29.30.Kv, 23.35.+g, 23.20.Lv

1. Introduction

We have investigated isomeric states in a number of nuclei with Z = 62–
67 and A = 142–152. They were produced in the fragmentation of the
relativistic (1 GeV/nucleon) 208Pb beam from the SIS-18 synchrotron of
the GSI facility on a 9Be target, and selected by the FRagment Separator
(FRS). The selected nuclei of interest were implanted into a 7 mm thick
plastic stopper. The gamma-rays from the decay of isomeric states in the
implanted nuclei were measured using the high purity germanium array,
RISING [1]. Details of the experiment are described in Ref. [2, 3].

2. Data analysis

In total 22 nuclides were detected, isomeric states were observed in 9 of
them (see Table I and Fig. 1). Of special interest is the Iπ = 27+ state
in 148Tb, as this is the highest spin that has been populated via the frag-
mentation reaction until now. The aim of this work was the extraction of
experimental isomeric ratios (R) for these isomeric states. The ratio R is
the number of ions populated in a given isomeric state compared to the
total number of ions populated for the selected nuclide. The value of R

TABLE I

Theoretical and experimental isomeric ratios obtained in this work. Half-lifes taken
from given references.

Nucleus Spin T1/2 [µs] Rth [%] Rexp [%]
152Ho 19− 8.4(3) [7] 15.7 6.4(18)
153Ho 31/2+ 0.25(2) [8] 24.5 16.9(42)
148Tb 27+ 1.31(1) [9] 2.1 1.9(3)
144Gd 10+ 0.15(3) [10] 59.0 10.3(46)
147Gd 49/2+ 0.76(4) [11] 4.4 1.1(3)
143Eu 11/2− 50.(1) [12] 88.9 12.8(17)
144Eu 8− 1.0(1) [13] 76.4 17.1(20)
145Eu 11/2− 0.49(3) [14] 88.7 21.7(28)
142Sm 10+ 0.48(6) [15] 59.8 2.0(7)
142Sm 7− 0.17(2) [16] 88.2 21.5(46)
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Fig. 1. Panel (a): An identification plot for the nuclei studied. Panel (b): Gamma

spectra for selected nuclei measured within the indicated time intervals (ts, te)

after implantation in the stopper.

can provide information about the production reaction and nuclear struc-
ture. It was evaluated based on time-of-flight, half-life, in-flight losses and
by considering the finite measurement time (see Refs. [5, 6] for details).

3. Theoretical predictions

Theoretical isomeric ratios, Rth, were determined for a series of nuclei,
using a formula based on the abrasion–ablation model [4] to predict the
energies and spins of nuclei populated in fragmentation reactions. In the
sharp cutoff approximation all nuclei of spin higher than that selected decay
to that level. Therefore the isomeric ratio of the selected isomer is the
integral of the spin distribution (PI) for spins higher than that of the isomer
(Im):

Rth =

∞∫

Im

PIdI = exp

[
−

Im(Im + 1)

2σ2
f

]
, (1)

σ2
f = 0.16A2/3

p

(Ap − Af )(νAp + Af )

(ν + 1)2(Ap − 1)
, ν ≈

Nn

Ns
≈

E∗

n

Es
, (2)

where ν is the ratio of energy transferred during the abrasion of one nu-
cleon (E∗

n) and the energy needed to evaporate one nucleon (Es).
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4. Results and conclusions

The experimental results obtained were compared to theoretical predic-
tions [4] (see Fig. 2a and Sec. 2). Significant differences between experiment
and theoretical predictions were observed, just as in Refs. [17,18]. In general,
there is relatively good agreement with the analytical formula for high spins
(above the spin cut-off parameter σf ). However, for lower spins (below σf )
there is no agreement at all. Very analogous behaviour has been observed in
similar measurements on nuclei in the A ≈ 85 mass region [19] (see Fig. 2b).

Fig. 2. Comparison between theoretical predictions and experimental results for

the present data (panel (a)) and nuclei in A ≈ 85 mass region [6, 19] (panel (b)).

This puzzle will be further investigated, both experimentally and theoret-
ically. There are numerous effects which can contribute to such behaviour.
Among them are transitions which bypass the isomeric state or spin loss
due to particle evaporation during de-excitation. One can also speculate
that in the case of several nucleons removed from the projectile, the reac-
tion mechanism may be more complicated than a simple pure fragmentation
process [20, 21].
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Heavy neutron-rich nuclei were populated via relativistic energy fragmentation of a
E/A=1 GeV 208Pb beam. The nuclei of interest were selected and identified by a frag-
ment separator and then implanted in a passive plastic stopper. Delayed γ rays following

internal isomeric decays were detected by the RISING array. Experimental information
was obtained on a number of nuclei with Z=73-80 (Ta-Hg), providing new information
both on the prolate-oblate transitional region as well as on the N=126 closed shell nuclei.
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1. Introduction

The evolution of the properties of atomic nuclei with respect to neutron and proton
numbers is a key question of nuclear physics. The study of unstable, neutron-rich
nuclei represents one of the foremost pursuits of modern nuclear physics. Over the
coming decade new radioactive ion beam facilities are being constructed with one
of the main objectives being to probe the structure of neutron-rich nuclei. The part
of the nuclear chart with the least information on neutron-rich nuclei is the 76Os to
82Pb region. This mass region is however an ideal testing ground of nuclear theories.
With the removal of just a few nucleons the landscape evolves from spherical1–3 to
elongated prolate through disk shaped oblate and triaxial formss.4–6

2. Experimental Details

The SIS-18 accelerator at GSI provided a 208Pb beam at E/A = 1 GeV. The
208Pb ions impinged on a target of 9Be of thickness 2.5 g/cm2. The nuclei of interest

Table 1. Approximate number, in thousands, of nuclei implanted
in the plastic stopper at the end of the GSI fragment separator. All
six settings as well as all charge states are considered.

Nucleus No. Nucleus No. Nucleus No.
(in 103) (in 103) (in 103)

206Tl 86 202Hg 12 203Hg 142
204Hg 52 205Hg 417 206Hg 1718
200Au 2.1 201Au 2.7 202Au 61
203Au 402 204Au 133 205Au 337
206Au 12 197Pt 7.4 198Pt 24
199Pt 8.8 200Pt 65 201Pt 68
202Pt 388 203Pt 319 204Pt 92
205Pt 1.4 194Ir 1.7 195Ir 8.0
196Ir 3.1 198Ir 51 199Ir 358
200Ir 354 201Ir 165 202Ir 36
203Ir 8.0 191Os 0.43 192Os 2.3
193Os 2.1 194Os 1.1 195Os 22
196Os 121 197Os 159 198Os 78
199Os 29 200Os 6.3 201Os 1.4
202Os 0.02 191Re 2.4 192Re 23
193Re 90 194Re 101 195Re 61
196Re 14 197Re 5.5 198Re 0.71
188W 3.7 189W 11 190W 30
191W 37 192W 21 193W 9.4
194W 2.9 185Ta 1.1 186Ta 3.6
187Ta 11 188Ta 14 189Ta 9.1
190Ta 3.9 191Ta 0.26 182Hf 0.49
183Hf 3.0 184Hf 5.4 185Hf 7.1
186Hf 5.2 187Hf 2.9 188Hf 1.2
181Lu 0.43 182Lu 1.3 183Lu 1.2
184Lu 0.66 185Lu 0.29 179Yb 0.58
180Yb 0.66 181Yb 0.33 176Tm 0.10
177Tm 0.17 178Tm 0.14
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were selected and identified in flight by the FRagment Separator (FRS)7 used in
achromatic mode. The identified ions were stopped in a passive stopper, positioned
at the final focal plane of the FRS. The stopper was surrounded by the RISING array
in the “Stopped Beam” configuration.9,10 These detectors recorded the delayed γ-
ray transitions associated with the implanted nuclei. For details on the experimental
setup, identification procedure and analysis see.2,8

3. Results

Six different fragment separator settings were used: the magnetic rigidities were set
to transmit fully stripped ions of 206Hg, 203Ir, 202Os, 199Os, 192W and 185Lu. An
average of 20 hours of beam time was dedicated to each setting, with a primary
beam intensity of ∼ 109 ions/22 s spill. The number of the implanted nuclei for
individual nuclides are given in Table 1.

The nuclei on which spectroscopic information was obtained in the current ex-
periment are summarised in Fig. 1. The experiment had as its main aim the study of
neutron-rich N=126 isotones. New experimental information was obtained on three
of these, namely 205Au, 204Pt2 and 203Ir. The delayed gamma-ray spectra are shown
in Fig. 2. In addition, previously unobserved isomeric decays have been identified
for a wide range of nuclei with N<126 (see Fig. 3).

Fig. 2. Delayed γ-ray spectra obtained for the N=126 isotones 205Au, 204Pt2 and 203Ir.
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Fig. 3. Examples of delayed γ-ray spectra. The labelled transitions originate from previously
unobserved isomeric decays. γ-ray transitions from previously observed isomers are labelled with
•, contaminations from other nuclei with *.

4. Conclusions and Outlook

Projectile fragmentation when combined with decay spectroscopy is a powerful
tool in the study of the structure of exotic nuclei. Experimental results on the
heavy neutron-rich nuclei have been presented. The interpretation of the data is in
progress.
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More recently, further experiments have been performed aimed at the study of
neutron-rich N≈126 nuclei. Measurements using the same technique as presented
here, but employing an active Si stopper,11 were performed and information on the
β decay of several nuclei has been obtained.12,13 Furthermore, nuclei with N>126
and Z< 82 were populated in the fragmentation of a 238U beam.14 By combining
all the experimental information to be obtained from these studies, a much better
understanding of this mass region will be achieved.
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14Universitá degli Studi di Milano, I-20133 Milano, Italy
15Faculty of Physics, University of Sofia, BG-1164, Sofia, Bulgaria

16Institute National Polytechnique de Grenoble, F-98026 Grenoble Cedex, France
17University of Delhi, New Delhi, India

18Institut Laue-Langevin, F-38042 Grenoble, France
19Institute of Nuclear Research, Pf. 51, H-4001 Debrecen, Hungary

(Received 5 July 2010; published 24 September 2010)

The spin and configurational structure of excited states of 127Cd, the two-proton and three-neutron hole neighbor
of 132Sn, has been studied. An isomeric state with a half-life of 17.5(3) µs was populated in the fragmentation
of a 136Xe beam on a 9Be target at a beam energy of 750 MeV/u. Time distributions of the delayed γ transitions
and γ γ coincidence relations were exploited to construct a decay scheme. The observed yrast (19/2)+ isomer is
proposed to have dominant configurations of ν(h−3
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and to decay by two competing stretched M2 and E3 transitions. Experimental results are compared with the
isotone 129Sn. The new information provides input for the proton-neutron interaction and the evolution of neutron
hole energies in nuclei around the doubly magic 132Sn core.
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I. INTRODUCTION

The region around doubly magic 132Sn has been a subject
of intense research because of its several interesting features.
Few valence particles and holes outside the inert core make
these nuclei key points in studying the shell structure and
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nucleon-nucleon interaction in a neutron-rich environment.
The astrophysical rapid-neutron capture process, responsible
for the synthesis of heavy neutron-rich nuclei in nature,
follows a path along the N = 82 line up to Z = 48. To test
the theoretical models describing this process in the region
around A = 130, the availability of experimental data on the
evolution of the N = 82 shell gap is crucial. The predicted
reduction of this gap [1,2] led to the recent investigations
on the structure of 130Cd [3] and 131In [4]. The energy of
the first excited 2+ state in 130Cd indirectly points toward a
robust shell closure at N = 82, which was confirmed by a
direct measure of the shell gap in Ref. [4]. Missing evidence
for a shell quenching in all these cases calls for a need to
modify the mass model [5] explaining the abundances of
A = 130 nuclei in nature. Furthermore, information on the
structure of excited states in 126Cd and 128Cd [6,7] indicates
an enhanced quadrupole collectivity, which has also been
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FIG. 1. Left: Z information provided by the two ionization
chambers. Right: A/Q selection for Cd isotopes.

revealed in theoretical studies [8]. To gain more insight on
this issue and to extend the study of structure evolution in the
Cd chain to the odd isotopes, a detailed examination of the data
from an experimental campaign performed at the FRagment
Separator (FRS) [9] at GSI was done. A level scheme for
127Cd supported by the detailed experimental information
including coincidence relations and isomeric half-life has been
constructed for the first time in the present work.

II. EXPERIMENTAL TECHNIQUE

Isomeric decays of 127Cd were observed following the
relativistic fragmentation reaction of 136Xe beam at an energy
of 750 MeV/u on a 9Be target of 4g/cm2 thickness. The
neutron-rich Cd isotopes were produced in two different
settings of the FRS, one optimized for the maximum trans-
mission of 130Cd and the other one tuned to predominantly
transmit 126Cd. To select the ions of interest from the reaction
products the standard Bρ-�E-Bρ method was employed and
the FRS was operated in its achromatic mode. Event-by-event
identification of the particles in terms of their mass (A) and
charge (Z) was done by measuring the time of flight between
two scintillator detectors separated by a distance of 35 m and
the magnetic rigidities providing the A/Q ratio. Energy loss
information in two ionization chambers served to determine
the atomic number Z. Corresponding plots of Z and A/Q

identification are shown in Fig. 1. Isomers populated in the
reaction, having lifetimes long enough to be able to reach
the final focal plane, were implanted in a plastic catcher,
surrounded by 15 Ge cluster detectors from the RISING
array, arranged in close geometry [10]. Coincidence between
the implanted 127Cd ions and the detected γ rays within a
time range of 50 µs ensured an unambiguous assignment
of the detected radiations to the decay of the isomeric states
of the ions. Stringent conditions imposed on the selection
procedure of the FRS along with a clean identification of the
particles enabled the observation of 7.2 × 105 127Cd ions in
total from the two settings.

III. EXPERIMENTAL RESULTS

A singles γ -ray spectrum containing five γ transitions
assigned to the decay of the isomer in 127Cd is shown in
Fig. 2. So far γ transitions in 127Cd were identified in two
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FIG. 2. (Color online) Singles γ -ray energy spectrum of 127Cd.
Background lines are marked with *. Inset: The sum of time
distributions of the 711-, 739-, 821-, and 849-keV transitions with
a single exponential decay fit.

previous experiments. Hellström et al. [11] assigned four γ

transitions at energies of 710, 738, 820, and 342 keV to the
isomeric decay. In the work of Hoteling et al. [12], apart from
the two previously observed 738- and 820-keV γ rays, two
new γ transitions at energies of 770.9 and 908.0 keV were
identified. Though a level scheme for 127Cd was constructed
only in the latter paper, it was merely based on the systematics
of known neighboring odd-mass Cd isotopes owing to low
statistics and lack of lifetime information. In our experiment
the previously reported γ transitions at energies of 739, 821,
and 711 keV were affirmed and two new γ rays at energies
of 110 and 849 keV were identified. However, the 771- and
909-keV transitions reported in Ref. [12] and the 342-keV
transition reported in Ref. [11] could not be confirmed in the
present work. The newly observed γ γ coincidence relations
of the five transitions associated with the isomeric decay in
127Cd are shown in Fig. 3. Coincidences were investigated for
two different coincidence time windows of 100 ns and 50 µs.
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TABLE I. Summary of the measured half-lives and spin and parity assignments of the
levels in 127Cd. Energy of the states are with respect to the (11/2−) β− decaying isomer.
The γ intensities are normalized to the 739-keV transition.

Ei + x T1/2 Transition Eγ T1/2 Iγ

(keV) (µs) J → I (keV) (µs) (%)

711 (13/2−) → (11/2−) 711.2(2) 17.1(8)b 23.0(9)
821 (15/2−) → (11/2−) 821.2(2) 17.7(4)b 91.8(30)

(15/2−) → (13/2−) 110.4(2) 17.5(12)b 6.2(6)
1560 17.5(3)a (19/2+) → (15/2−) 738.8(2) 17.6(4)b 100.0(31)

(19/2+) → (13/2−) 848.9(2) 17.9(6)b 17.3(7)

aExtracted from the fitting of the sum of time distributions of the 711-, 739-, 821-, and
849-keV transitions with a single exponential decay function.
bExtracted from the fitting of the time distribution of corresponding individual γ transition
with a single exponential decay function.

Comparable relative intensities of all the γ transitions in the
aforementioned conditions established the presence of only
one isomer in the decay.

The proposed level scheme for 127Cd is based on the
following arguments. The two most intense γ transitions of
739 and 821 keV most likely form a single cascade, which
is confirmed by their mutual coincidence shown in Fig. 3(b).
The 711- and 849-keV lines have similar intensities and are in
coincidence [see Fig. 3(a)], which points toward the existence
of a second cascade in the decay. The sum of energies of
the 739- and 821-keV lines is equal to that of the 849- and
711-keV lines. Also, the absence of coincidence between
these two cascades confirms that they are parallel competing
branches. Observation of a 110-keV transition coinciding with
the differences in energies of the 849- and 739-keV lines and
the 711- and 821-keV lines suggests that an intermediate level
is present, fed by the 110-keV transition. Coincidence between
110-keV and 711- or 739-keV lines supports the argument
of an intermediate level connecting the two cascades via the
110-keV transition. The lifetime analysis based on the single
exponential decay fit of the summed time distributions of
the 711-, 739-, 821-, and 849-keV transitions is shown in
the inset of Fig. 2. A half-life of 17.5(3) µs was obtained
for the decaying isomer. The fit of the time distributions of
individual γ lines with the same function as described here was
also performed and the results are listed in Table I. Because
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FIG. 4. Relative time distribution of the 739-keV transition with
respect to the 821-keV transition. The spectrum shows a symmetric
distribution.

the 110-keV transition has a relative intensity of only 6%,
the presence of a 115-keV background line in its vicinity
made the background subtraction difficult. This resulted in
a comparatively larger error in the measured value.

From the half-life information and the inferred reduced
transition probabilities, the multipolarity of the γ transitions
is determined. Owing to similar energies and same half-lives
of 711-, 739-, 821-, and 849-keV lines, all four of them qualify
to be either M2 or E3, if one assumes that the isomerism is
caused by any of them. Hence the ordering of these transitions
could not be determined based on the experimental data. The
relative time between the 739- and 821-keV transitions shows
a symmetric distribution (see Fig. 4) within an electronic
resolution of 0.7 ns. This implies that the state depopulated
by the 110-keV line in competition with the 821- or 739-keV
transitions has a half-life of less than 10 ns since a longer
lifetime would lead to clear asymmetries as observed in the
case of 128Cd [7]. Only an M1 character of the 110 keV
transition would be compatible with this upper half-life limit.

IV. DISCUSSION

Spins and parities were assigned to the excited states in
127Cd on the basis of intensity balances, reduced transition
probabilities, and the experimental information on the level
scheme of the 129Sn isotone [13]. According to the β− decay
studies of 127Cd, (3/2+) is assigned to the β− decaying ground
state [14] with pure νd3/2 neutron character. The systematics
of odd-mass Cd and Sn isotopes [12,13] confirms that the
γ -decaying isomer is built on a (11/2−) state. Owing to the
large spin difference and long partial lifetime, γ transition
between the (11/2−) and (3/2+) states is not observed and
thus the former decays by a β− emission. From the existing
experimental evidence it cannot be firmly established whether
the (3/2+) or the (11/2−) state is the ground state. 129Sn
having the same number of neutron holes in the 132Sn core
as 127Cd provides the best case for comparison. Since in 129Sn
isomerism is mainly caused by E2 transitions of very low
energies or a hindered M2 (19/2+) → (15/2−) transition, a
similar explanation was assumed to be the reason of isomer
formation in 127Cd by Hellström et al. [11].
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In 127Cd a (19/2+) → (15/2+) E2 spin trap analogous
to the one observed in 129Sn given the half-life of T1/2 =
17.5 µs would require a nonobserved transition of ∼30 keV
and the observation of two competing E1 transitions,
(15/2+) → (15/2−) and (15/2+) → (13/2−), with similar
intensities. But the encountered branching ratios of 849 keV
with respect to 739 keV and of 711 keV with respect to
821 keV rules out this possibility. Alternatively, if a 15/2+ state
happens to lie above the 19/2+ state causing an isomer, the
fast 15/2+ → 15/2− and 15/2+ → 13/2− transitions would
not let the corresponding state be isomeric with a half-life
of 17.5 µs. Hence we can conclude that an M2 transition
from (19/2+) to (15/2−) in competition with an E3 transition
from (19/2+) to (13/2−) is responsible for the measured
half-life of the isomer. This argument allowed us to assign
a spin of (19/2+) to the decaying isomeric state. The decay of
the intermediate state is governed by a competition between
the 110- and 821- or 849-keV transitions. The experimental
branching ratios for the 110-keV γ line in the two cases
are ∼6% and 26%, respectively, while the expected value
from the energy scaling of two such M1 transitions of equal
reduced strength is ∼0.5%. Therefore, this intermediate state
was assigned to have spin-parity (15/2−), depopulated by a
competition of a 110-keV M1 transition and a 821- or 849-keV
E2 transition. Owing to the uncertainty in the ordering of γ

rays just discussed the intermediate states at 711 and 821 keV
shown in the level scheme in Fig. 5 (EXP) could lie at 739
and 849 keV instead with respect to the (11/2−) state. So two
possibilities for the experimental level scheme of 127Cd are
proposed, one shown in Fig. 5 and the other with reversed
ordering of the 739- and 849-keV transitions and the 821- and
711-keV transitions.

A. Shell-model interpretation

Two theoretical shell-model approaches employing differ-
ent model spaces and interactions were used to investigate the
nuclear structure evidence of the experimental data. In the first
one a model space π (p1/2, g9/2)ν(d5/2, g7/2, s1/2, d3/2, h11/2)
outside a 88Sr core was chosen (i.e., core excitations across
the Z = 50 and N = 82 shells are not considered). The
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FIG. 5. The proposed level scheme for 127Cd and the theoretically
calculated excited levels by SM and LSSM.

residual interaction is based on a G matrix derived from
the CD-Bonn nucleon-nucleon potential [15] and core po-
larization corrections for a 88Sr inert core following the
many-body approach outlined in Ref. [16]. Monopole tuning
following A−1/3 scaling of the two-body matrix elements
(TBME) was performed to reproduce the single hole energies
(SHE) in 132Sn as described in Refs. [3,13]. For the open
proton-neutron (πν) space two modifications were introduced.
First the underbound πg9/2νh11/2, I

π =1−,10− TBME were
increased by −500 and −600 keV, respectively, keeping
the multiplet monopole constant. This is necessary to repro-
duce the ground and isomeric states in 130In [14]. Second, to
increase the collectivity in the (πν) shells, the dominating
binding (negative) diagonal πν TBME πg9/2νh11/2 and
πp1/2νh11/2 were enhanced by a monopole shift of −100 keV.
To maintain the SHE for 132Sn, the experimentally unknown
νh11/2 SPE in 88Sr was increased by +1.2 MeV. Further the
(νh11/2)2

2+ TBME was reduced by −150 keV, keeping the
monopole of the multiplet constant, to improve the agreement
in the even Sn isotopes. With these modifications, referred
to as SM, the agreement with experiment in 128Cd [17] and
127Cd is greatly improved, though the (13/2−) − (15/2−)
sequence in the latter is not fully reproduced (Fig. 5). Further
details will be given in a forthcoming paper [17]. Effective
charges eπ = 1.5e and eν = 0.7e for protons and neutrons
and a spin g factor of gs = 0.7gfree

s for magnetic transitions
were used [3,13]. Calculations were performed with the code
OXBASH [18]. In the second approach an extended model space
π (p3/2, p1/2, f5/2, g9/2) ν(d5/2, g7/2, s1/2, d3/2, h11/2) outside
78Ni was chosen with an interaction derived from the CD-Bonn
nucleon-nucleon potential using the same method as just
described, but for an inert 78Ni core [7]. Monopole tuning was
performed to reproduce the experimental SHE for 132Sn and
levels in neighboring Sn isotopes, the N = 82 isotone 130Cd,
and the π−1ν−1 neighbor 130In. Effective charges of 1.5e for
protons and 0.5e for neutrons were used for electric transitions
and an effective spin g factor of gs = 0.75gfree

s for magnetic
transitions. In addition orbital g factors of gl(p) = 1.1 and
gl(n) = −0.1 for protons and neutrons, respectively were used.
Calculations were performed with the large-scale shell-model
(LSSM) codes ANTOINE and NATHAN [19] and the results are
denoted by LSSM in Fig. 5.

From the good agreement of the shell-model approaches
SM and LSSM for the experimentally known levels it can
be concluded that the increased πν interaction in SM to
a large extent accounts for the neglect of the π (p3/2, f5/2)
orbitals in the model space used. The 2+ excitation energy in
128Cd is still high by ∼150 keV. This discrepancy is carried
over into the energy of (13/2−) state in 127Cd, which has
leading configuration of a νh11/2 hole coupled to the 2+

1 state
in 128Cd. These remaining deficiencies, with the high-spin
isomers being well reproduced, indicate a lack of collectivity
in the low-spin states. Lifting the π (p3/2, f5/2) orbitals closer
to the Fermi surface would create a pseudo-SU(3) hh space
comprising the π (p, f5/2) and ν(s, d) orbitals. This would
further increase collectivity as observed one major shell higher
for the Hg isotopes in the 208Pb hh space as in the well
studied (s, d) and (p, f ) pp cases (see, e.g., [20]). Reduced
transition probabilities in the two experimental scenarios
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TABLE II. Transition strengths and γ branching ratios for experiment and shell model. Separate
values are given for the two alternative experimental level schemes EXPa and EXPb of 127Cd.

Transition σL B(σL) (W.u)
J → I

EXPa EXPb SM LSSM

(19/2+) → (13/2−) E3c 3.40(18)×10−2 2.30(30)×10−1 6.19×10−3 3.04×10−3

(19/2+) → (15/2−) M2c 2.71(14)×10−4 7.71(16)×10−5 1.98×10−3 5.75×10−3

(15/2−) → (13/2−) M1d 6.3(6)% 26(3)% 5.8% 7.5%
(15/2−) → (11/2−) E2d 93.7(31)% 74(3)% 94.2% 92.5%

aAdopted order of cascades.
bReversed order of cascades.
cPure multipolarity assumed.
dOnly γ branching ratio known.

are compared to SM and LSSM results in Table II. The
retarded B[E3; (19/2+) → (13/2−)] and B[M2; (19/2+) →
(15/2−)] are, respectively, under- and overestimated for both
experimental scenarios. In the model space these transitions
are νh11/2 → d5/2 and νh11/2 → g7/2, which include small
components in the wave function that may be distorted by
configurations from outside the model space. Moreover, the
effective charges and g factors for E3 and M2 operators
may be different from those for E2 and M1, respectively.
A good correspondence between experimental and theoretical
branching ratio is observed for the (15/2−) → (11/2−) 821-
keV E2 and the (15/2−) → (13/2−) 110-keV M1 transitions
in the scenario shown in Fig. 5. It should be noted that the
SM and LSSM values agree as well. The drastic discrepancy
for this branching in the alternative cascade assignment and
slightly better agreement for the M2 and E3 transitions (see
Table II) establishes a preference for the adopted order.

V. SUMMARY AND CONCLUSIONS

In conclusion, a microsecond isomer has been identified
in 127Cd. Based on γ γ coincidence and lifetime analysis a
level scheme on top of a νh−1

11/2 isomer or ground state was
constructed for this nucleus. In contrast to the odd-mass heavy
Sn isotopes the isomerism in 127Cd is attributed to competing

hindered E3 and M2 transitions from a (19/2+) state, formed
by mixed proton-neutron configurations. The sequence of the
intermediate (13/2−) and (15/2−) states serves as a benchmark
for shell-model calculations performed with two different
interactions in a small (SM) and an extended (LSSM) model
space. Since the theoretical models reproduce the energies
of the low-lying pure proton and pure neutron excited levels
in 130Cd and 130Sn, respectively, an enhanced proton-neutron
interaction is attributed to be the origin of increased collectivity
in the low-spin yrast region of 127Cd.
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[4] M. Górska et al., Phys. Lett. B 672, 313 (2009).
[5] B. Chen et al., Phys. Lett. B 355, 37 (1995).
[6] T. Kautzsch et al., Eur. Phys. J. A 9, 201 (2000).
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A. M. Bruce,1 S. Lalkovski,1,* A. M. Denis Bacelar,1 M. Górska,2 S. Pietri,2,3 Zs. Podolyák,3 Y. Shi,4 P. M. Walker,3 F. R. Xu,4
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Isomeric states in 112Tc and 113Tc, with half-lives of 150(17) ns and 500(100) ns, respectively, have been
observed following the relativistic fission of 238U. The fission fragments have been separated in a fragment
separator and identified by means of energy-loss and time-of-flight techniques. In both nuclei, the ground-state
configuration is calculated to have an oblate shape and the isomerism is proposed to arise due to transitions from
a triaxial excited state to a low-lying oblate state.

DOI: 10.1103/PhysRevC.82.044312 PACS number(s): 21.10.Tg, 23.20.Lv, 23.35.+g, 27.60.+j

I. INTRODUCTION

The shapes of neutron-rich nuclei with A ≈ 110 have
been the subject of intensive discussion in the last decade
since large scale Finite-Range Liquid Drop Model (FRLDM)
calculations [1] showed that the neutron-rich nuclei in all
of the isotopic chains with Z = 40–48 undergo a prolate-to-
oblate shape transition when approaching N = 80. This was
reinforced by Skalski et al. [2], who used both the liquid drop
and the FRLDM for the macroscopic energy and both BCS
and the particle number projection method for the pairing
energy. 112,113Tc have Z = 43 and N = 69,70, respectively,
and, for the neighboring Z = 42 (Mo) nuclei, calculations [2]
indicate a ground-state shape which is prolate for N � 66
and oblate for N � 68. For Z = 44 (Ru), the prolate-oblate
shape change in the ground state is predicted to occur between
N = 64 and 66. Moreover, relativistic mean-field calculations
[3] predict an oblate ground state at N = 64, 106Mo and,
more recently, cranked and configuration-constrained shell-
model calculations have predicted the appearance of oblate
multiquasiparticle states in N = 66 isotones with prolate
ground states [4]. Clearly, this is predicted to be a region of
rapidly changing shapes.

Although the nuclei which are predicted [1] to have oblate
ground states in neutron-rich Zr, Nb, and Mo are not yet
accessible experimentally, those in neutron-rich Tc, Ru, Rh,
Pd, and Ag isotopes can be reached by “conventional” studies
of fission products. Among the first experimental articles

*Current address: Department of Physics, University of Sofia, 1164
Sofia, Bulgaria.

reporting on such nuclei was a study of the neutron-rich Pd
isotopes [5], produced in induced fission reactions, in which
the oblate shape of the 111Pd ground state predicted by the
FRLDM [1] was ruled out. Indeed, more recent experimental
work has led to the prolate interpretation being extended to
the heavier Pd isotopes with Hua et al. [6], suggesting that a
prolate-to-oblate shape transition occurs only at 116Pd. In the
ruthenium isotopic chain this transition was assumed to take
place at 111Ru [6] but, more recently, 113Ru has been interpreted
to have a significant degree of triaxiality [7]. The development
of techniques for fission fragment γ -ray spectroscopy has also
made it possible to cross the (50,82) neutron mid shell in the Tc
isotopic chain, reaching 111Tc (N = 68) [8]. In this work the
authors conclude, mainly on the basis of systematics, that the
ground state corresponds to the 5/2+[422] proton excitation
in a prolate-deformed potential. Intriguingly, however, they do
state that “there are excitations seen in 111Tc which suggest
that the deformation above N = 68 may be oblate.” Thus
the question of where the prolate-oblate transition occurs
in the technetium isotopic chain remains open. In this context,
the structures of 112Tc and 113Tc, which are the subject of this
paper, are of particular interest.

II. EXPERIMENTAL DETAILS

The nuclei of interest were studied as part of the RISING
“stopped beam” campaign [9] at Gesellschaft für Schwe-
rionenforschung (GSI), Darmstadt. They were produced in
the relativistic fission of a 238U beam accelerated in the
GSI LINAC to 11.4 A MeV and then to 750 A MeV in
the GSI SIS18 synchrotron. The typical beam intensity was
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109 particles per second for a 1-s beam spill, with a repetition
period of 10–15 s. The beam impinged on a 9Be target with
a thickness of 1.0 g/cm2. Fully stripped fission fragments
were separated in the GSI FRagment Separator (FRS) [10],
using the (Bρ)1 − �E − (Bρ)2 technique, and identified by
means of time-of-flight and energy-loss techniques. The Time
of Flight (ToF) is measured between two scintillation detectors
at the intermediate and final focal planes of the FRS and the
energy loss is measured in an eight-anode ionization chamber
(MUSIC). These detectors were calibrated using the primary
238U beam. The data set presented in this paper was collected
with the FRS tuned to 110Nb.

At the end of the separator, the fragments were slowed by
an Al degrader with a thickness of 3.7 g/cm2 and implanted in
a 5-mm-thick copper stopper. γ rays emitted by the implanted
nuclei were measured in the RISING γ -ray array, comprising
15 cluster detectors, which has an efficiency of ∼15% for the
662-keV transition in 137Cs [11]. The signals from each Ge
detector have been processed via XIA Digital Gamma Finder
modules for energy and time analysis. The time stamp of the
modules was 25 ns. A detailed description of the RISING
performance in its stopped beam configuration is given in
[11,12]. The acquisition system was triggered by the arrival
of a fragment and remained “open” for a time window of 100
µs. Fragments which did not implant triggered a scintillation
detector behind the copper stopper which provided a veto.

III. EXPERIMENTAL ANALYSIS AND RESULTS

The atomic number of the fragment (Z) was calculated
from the energy loss in the MUSIC detector, corrected for
particle velocity and trajectory. The mass-to-charge ratio
(A/q) was calculated from the magnetic rigidity of the
particles and the ToF. Figure 1 shows the relevant particle
identification plot where the locations of 106Nb and 113Tc ions
are indicated. 106Nb contains a known isomer with a half-life of
845(35) ns [13] which served to confirm the particle identifi-
cation. In addition to the veto detector mentioned above, other

Z

2.57 2.58 2.59 2.60 2.61 2.62 2.63 2.64

A/q

 39

 40

 41

 42

 43 1
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FIG. 1. (Color online) Particle identification plot with the location
of the 113Tc (1) and 106Nb (2) ions indicated.

FIG. 2. γ -ray energy spectra obtained in coincidence with 112Tc
ions (a) and 113Tc ions (b) and with a time gate of width 1.25 µs
starting 300 ns after implantation (to reduce the bremsstrahlung
background).

cleaning conditions imposed in the off-line analysis included
the exclusion of events where the fragment changed its charge
state during transmission through the separator and events
where the fragment interacts with the degrader. Following
identification of the fragments, two-dimensional spectra of
the energies of γ rays measured in the RISING array and
their emission time (relative to fragment deposition) were
constructed for each isotope identified.

112Tc. Figure 2(a) shows two γ rays which are associ-
ated with 112Tc fragments. The relative intensities of the
two transitions are I 92

γ = 100 ± 22% and I 258
γ = 91 ± 9%.

Analysis of the background fluctuations in the spectrum gives
an upper limit of 10% of I 92

γ for a 166-keV γ ray which
corresponds to the energy difference between the 92- and
258-keV transitions. There is no evidence of any transition
at 340 keV, which is the sum of 258 and 92. Figure 3 shows
coincidence spectra gated on (a) the 92-keV transition and
(b) the 258-keV transition. These spectra have not had any
background subtracted but, although the statistics are low,
they do provide good evidence that the 92- and 258-keV
transitions are in mutual coincidence. Figure 4(a) shows the
time distribution of the 258-keV transition and a fit to this
decay curve gives a half-life of 150(17) ns. The 92-keV
transition is in a region with much background and a fit to
its decay curve gives a half-life of 162(100) ns. Therefore it is
concluded that there is one isomeric state in 112Tc which has a

FIG. 3. γ -ray energy spectra obtained in coincidence with 112Tc
ions and (a) the 92-keV transition, (b) the 258-keV transition.
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FIG. 4. Background-subtracted time distributions of (a) the
258-keV transition in 112Tc and (b) the 114-keV transition in 113Tc,
along with associated fits.

half-life of the weighted average value of 150(17) ns. This is
consistent with the recent findings of Folden et al. [14], who
observed only the 258-keV transition and proposed that there
is an isomeric state with a half-life of less than 500 ns.

113Tc. Figure 2(b) shows a 114-keV γ ray which is
associated with 113Tc fragments. The transition is very weak
but its time distribution is shown in Fig. 4(b). The associated
fit indicates a half-life of the parent level of 500(100) ns.
Examination of the coincidence spectrum associated with the
114-keV transition shows no evidence of coincident γ rays.

IV. INTERPRETATION AND DISCUSSION

112Tc. Figure 5 shows the results of Potential-Energy
Surface (PES) calculations [4] carried out separately for the
positive- and negative-parity states in 112Tc. The calculations
indicate a negative-parity ground state [shown in Fig. 5(a)]
with an oblate deformation of β2 = 0.23 and β4 = −0.05
formed from the 7/2−[523] neutron ⊗5/2+[422] proton
coupling. This shape is in good agreement with that calculated
by Möller et al. [1] (oblate with ε2 = 0.25 and ε4 = +0.09)
and by Skalski et al. [2] for neighboring even-even Mo
(Z = 42) and Ru (Z = 44) isotopes (oblate with β2 = 0.25
and β4 = −0.09). The Gallagher-Moszkowski rule indicates
that the Kπ = 6− coupling should be the lowest with the
Kπ = 1− coupling expected at an excitation energy of about
200 keV [15]. Figures 5(b) and 5(c) indicate the shapes for
the two possible positive-parity states. In Fig. 5(b) the shape
of the +ν,+π configuration with lowest energy is shown as
β2 = 0.24, β4 = −0.03, and γ = 44◦ and in Fig. 5(c), the
shape of the −ν,−π configuration with lowest energy is
shown as β2 = 0.29, β4 = −0.01, and γ = 31◦. Both of these
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FIG. 5. Potential-Energy Surface (PES) calculations for 112Tc
for a negative-parity neutron and a positive-parity proton (−ν, +π )
(a), +ν, +π (b), and −ν, −π (c). Isolines are placed at intervals of
200 keV and the energies of the minima in (b) and (c) are 411 and
474 keV relative to the −ν, +π ground state. The +ν, −π configu-
ration is also calculated to be triaxial but at an even higher excitation
energy.

configurations are calculated to have J = 3 and excitation
energies ∼450 keV.

Figure 6 shows the energy spectrum for these states
and includes “in-band” oblate states calculated assuming a
moment-of-inertia one-half of that of a rigid body. Comparison
of the measured half-life of the observed isomeric state
[150(17) ns] with calculations of Weisskopf single-particle
estimates indicates that a transition with λ > 2 is unphysical.
It is therefore unlikely that the observed transitions correspond
to the decay from either of the Jπ = 3+ triaxial states directly
to the ground state. On this basis, it is proposed that the
258-keV transition is from one of the triaxial Jπ = 3+ states
to a Jπ = 2− state built on the Jπ = 1− state from the
unfavored 7/2−[523] neutron ⊗5/2+[422] proton coupling.
The measured half-life indicates that the E1 transition is
hindered by a factor of ∼107 compared to the Weisskopf
single-particle estimate, corrected for electron conversion [16].
E1 transitions are known, however [17], to be hindered,
typically by factors ∼105, and a transition from a triaxial
Jπ = 3+ state to an oblate Jπ = 2− state would be expected
to exhibit additional hindrance due to the shape change. In

6– 0

7– 251

8– 539

1– 200

2– 275

3– 375
3+ 411

3+ 474

Oblate Triaxial

FIG. 6. The calculated energy spectrum for 112Tc. The in-band
oblate states assume a moment of inertia one-half of that of a rigid
body. The triaxial states correspond to the configurations in Figs. 5(b)
and 5(c).
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FIG. 7. PES calculations for the lowest-energy positive-parity
(a) and negative-parity (b) states in 113Tc. Iso-lines are placed at
intervals of 200 keV.

this scenario, which is not inconsistent with the observed
γ -ray intensities, the 92-keV transition then corresponds to
the in-band transition from the Jπ = 2− state to the Jπ = 1−
state. The M5 decay from the Jπ = 1− to the Jπ = 6−
ground state would not be expected to be observed since
the Weisskopf single-particle half-life estimate, corrected for
electron conversion [16], for a level decaying by such a
transition is ∼120 000 years and the level might be expected
to preferentially decay by β emission.

113Tc. The results of PES calculations carried out separately
for the positive- and negative-parity states in 113Tc are shown
in Fig. 7. Figure 7(a) shows the results for the positive-
parity configuration, indicating a shallow oblate minimum at
β2 = 0.24, β2 = −0.05, γ = 60◦ corresponding to the
5/2+[422] Nilsson orbit. The results for the negative-parity
configuration in Fig. 7(b) show a deep triaxial minimum at
β2 = 0.29, β2 = −0.02, and γ = 29.8◦ with Jπ = 5/2−. This
state is calculated to lie above the positive-parity minimum and

therefore the ground state of 113Tc is assigned as Jπ = 5/2+.
Under the assumption that there is no unobserved low-energy
transition, it is proposed that the 114-keV transition connects
the two different configurations. The Weisskopf single-particle
half-life estimate, adjusted for electron conversion [16], for a
114-keV E1 transition is 1.8 × 10−4 ns, which, when com-
pared with the measured value of 500(100) ns indicates
a hindrance of 2.8 × 106. Given the typical E1 hindrance
[17] discussed in the preceding section, and the additional
hindrance expected due to the shape change, it is again
proposed that the isomerism is due to an E1 transition between
states of triaxial and oblate shape.

V. CONCLUSIONS

Isomeric states with half-lives of 150(17) and 500(100)
ns, respectively, have been observed in 112Tc and 113Tc.
Comparison with the results of PES calculations suggest that
both nuclei have oblate ground states. The isomerism in both
nuclei is interpreted as being associated with a shape change
from triaxial excited states to low-lying oblate structures. The
location of these isomeric levels may prove extremely useful
as experimental tags in future in-beam measurements.
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[16] T. Kibédi et al., Nucl. Instrum. Methods A 589, 202 (2008).
[17] K. E. G. Löbner, Phys. Lett. B 26, 369 (1968).

044312-4

http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/S0375-9474(97)00125-5
http://dx.doi.org/10.1016/S0375-9474(97)00125-5
http://dx.doi.org/10.1006/adnd.1998.0795
http://dx.doi.org/10.1006/adnd.1998.0795
http://dx.doi.org/10.1103/PhysRevC.65.021303
http://dx.doi.org/10.1103/PhysRevC.65.021303
http://dx.doi.org/10.1103/PhysRevC.58.1966
http://dx.doi.org/10.1016/S0370-2693(03)00569-0
http://dx.doi.org/10.1140/epja/i2006-10464-2
http://dx.doi.org/10.1140/epja/i2004-10140-7
http://dx.doi.org/10.1016/0168-583X(92)95944-M
http://dx.doi.org/10.1016/j.nimb.2007.04.219
http://dx.doi.org/10.1016/j.nimb.2007.04.219
http://dx.doi.org/10.1063/1.2733032
http://dx.doi.org/10.1103/PhysRevC.59.82
http://dx.doi.org/10.1103/PhysRevC.79.064318
http://dx.doi.org/10.1103/PhysRev.111.1282
http://dx.doi.org/10.1103/PhysRev.111.1282
http://dx.doi.org/10.1016/j.nima.2008.02.051
http://dx.doi.org/10.1016/0370-2693(68)90614-X


RAPID COMMUNICATIONS

PHYSICAL REVIEW C 82, 061309(R) (2010)

Observation of a new high-spin isomer in 94Pd
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A second γ -decaying high-spin isomeric state, with a half-life of 197(22)ns, has been identified in the
N = Z + 2 nuclide 94Pd as part of a stopped-beam Rare Isotope Spectroscopic INvestigation at GSI (RISING)
experiment. Weisskopf estimates were used to establish a tentative spin/parity of 19−, corresponding to the
maximum possible spin of a negative parity state in the restricted (p1/2, g9/2) model space of empirical shell
model calculations. The reproduction of the E3 decay properties of the isomer required an extension of the
model space to include the f 5/2 and p3/2 orbitals using the CD-Bonn potential. This is the first time that such
an extension has been required for a high-spin isomer in the vicinity of 100Sn and reveals the importance of
such orbits for understanding the decay properties of high-spin isomers in this region. However, despite the
need for the extended model space for the E3 decay, the dominant configuration for the 19− state remains
(πp−1

1/2g
−3
9/2)11⊗(νg−2

9/2)8. The half-life of the known, 14+, isomer was remeasured and yielded a value of
499(13) ns.

DOI: 10.1103/PhysRevC.82.061309 PACS number(s): 23.35.+g, 23.20.Lv, 21.10.Tg, 27.60.+j

The N ≈ Z nuclei just below 100Sn are of particular interest
in contemporary nuclear structure studies. As well as lying on
the pathway for rp-process nucleosynthesis in x-ray burster
scenarios [1], these nuclei also provide significant information
in relation to shell structure close to the last doubly magic
N = Z nuclide [2] and constitute a key region for testing
the reliability of the shell model (SM) and SM interactions
[3]. The region is generally well described by the SM in a
minimum space comprising p1/2 and g9/2 protons and neutrons
[3–5]. Exploration of the limits of this approach with respect
to inclusion of the p3/2 and f 5/2 orbitals and excitations across
the N = Z = 50 shell closure is a challenge both to the SM
and experimental techniques.

This region is also remarkable for an abundance of isomeric
states [6]. Particularly interesting is the occurrence of high-spin
isomers which can provide an ideal testing ground for the study
of neutron-proton interactions near the N = Z line [6]. One
of the most striking cases is the (21+) level in 94Ag, with
recent papers reporting evidence for a variety of particle decay

channels: β [7,8], βp [9], p [10], and 2p [11]. The latter of
these is the subject of much debate in the literature [12–16].

The Tz = 1 nuclide 94Pd has been studied in a number of
experiments [7,8,17–21] and has a known 14+ isomer that
decays through γ decay and internal conversion (IC). The
half-life of this state has been measured previously, yielding
values of 800(200) [17], 600(100) [18], 530(10) [19], and
468(19) [21] ns. A cascade of transitions above the 14+ isomer
has been tentatively placed from β-decay studies of the (21+)
isomer in 94Ag [7,8]. The current work presents data from a
Rare Isotope Spectroscopic INvestigation at GSI (RISING)
experiment showing clear evidence of a second isomeric state
that feeds the 14+ level through some of these transitions. The
reproduction of the decay properties of this isomer in shell-
model calculations requires the inclusion of the negative-parity
p3/2 and f 5/2 orbitals.

94Pd and other nuclei of interest were produced by the
fragmentation of an 850 MeV/nucleon 124Xe beam, provided
by the SIS synchrotron at GSI, on a 4 g/cm2 9Be target.

0556-2813/2010/82(6)/061309(5) 061309-1 ©2010 The American Physical Society
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FIG. 1. (Color online) Fragment identification plot. The 94Pd ions
are ringed. The intensity color scale is given to the right.

Fragments were separated by the FRagment Separator (FRS)
(see Ref. [22] and Fig. 1 of Ref [21]) and detectors at the
central, “S2,” and final, “S4,” foci were used to uniquely
identify each ion on an event-by-event basis as described in
Refs. [21,23] with the addition of time projection chambers
at each focal plane for more precise position measurements.
Figure 1 shows a Z versus A/Q identification plot using
the data from the FRS detectors. Due to the high energies
involved, in virtually all cases the ions are fully stripped,
i.e., Q = Z.

At the S4 focal plane the transported fragments were slowed
down in an aluminum degrader, passed through a further
scintillator, allowing for rejection of ions that underwent
nuclear reactions in the degrader, and implanted in an active
stopper. The stopper consisted of nine double-sided silicon
strip detectors (DSSSD) arranged in three layers of three
detectors, with each layer facing normal to the beam axis. A
description of the properties of a similar, six DSSSD, stopper is
given in Ref. [24]. The stopper was surrounded by the RISING
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FIG. 2. Energy spectrum gated on 94Pd ions. The seven largest
peaks correspond to the yrast transitions from the 14+ isomer to the
ground state. The peaks at 347 and 745 keV are also from below the
14+ isomer, but the peaks at 267 and 408 keV emanate from levels
above it. The right inset shows peaks at 1545 and 1651 keV, while
the left inset shows weak evidence of a 106 keV transition.
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FIG. 3. (Color online) Prompt coincidences for the (a) 1545,
(b) 1651, (c) 267, and (d) 408 keV transitions. (a) is 2 keV per bin and
(b)–(d) are 1 keV per bin. Peaks corresponding to transitions below
the 14+ isomer can be seen due to the 250 ns width of the coincidence
window. Peaks marked with “*” sum with the gating energy to 660
or 814 keV and are thus attributed to Compton scattering.

array of 105 germanium (Ge) detectors in its stopped beam
configuration [23]. Using the information from the S2 and
S4 detectors and the energy and timing information from the
Ge detectors, time-walk corrected γ -time and γ -γ matrices
were constructed for each implanted nuclide. The data were
analyzed in ROOT [25] and RADWARE [26], and half-lives were
determined using the ROOT implementation of MINUIT [27].

The S4 degrader has a detrimental effect on isomer
spectroscopy due to bremsstrahlung radiation associated with
the slowing down of the ions as they pass through [28]. This
leads to spurious counts in the γ -ray spectra: the “prompt
flash.” Spectroscopic studies of low-energy transitions from
short-lived isomers are particularly badly affected due to the
(orders of magnitude) larger contribution the flash makes at
lower energies (especially below ∼150 keV in the present
case) and the poorer time resolution at such energies which
smears the flash out over a number of time bins.

Figure 2 shows a projection to the energy axis of the γ -time
matrix associated with 94Pd implantation events. Defining
t = 0 as the time at which the prompt flash peaks, the time
range of the projection corresponds to t = 175 to t = 1025 ns.
The yrast transitions from 14+ to 0+ [7] are evident as are
the previously identified 10+

1 →(8+
2 ) and (8+

2 )→6+
1 transitions

[20] at 745 and 347 keV, respectively. The efficiency corrected
ratio for the intensity of the 660, 814, 906, and 994 keV
transitions compared to the 96 keV transition is 2.7(1) giving
an IC coefficient for the 96 keV transition of 1.7(1), in excellent
agreement with both previous measurements [20,21] and the
theoretical prediction for an E2 transition of 1.62(7) obtained
using the program BRICC [29]. The γ -ray branching ratio of
the 10+ state to the nonyrast (8+) state was found to be 9(1)%
by comparing the mean intensity of the 347 and 745 keV peaks
to that of the 1092 keV peak.

Figure 2 clearly shows peaks at 267 and 408 keV. These
transitions have been seen before [7,8] and tentatively assigned
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as the (16+)→(15+) and (15+)→14+ transitions, respectively.
The right inset of Fig. 2 indicates the presence of two further
transitions. The weaker 1545 keV peak was identified in
the 94Ag β-decay studies and provisionally assigned as the
(18+)→(16+) decay, but the more intense 1651 keV transition
was not seen. The left inset of Fig. 2 shows evidence of a small
peak at 106 keV. The agreement between the summed intensity
of the 1545 and 1651 keV transitions and the individual
intensities of the 267 and 408 keV transitions is excellent once
detector efficiency has been accounted for. The final transition
previously identified above the 14+ state had an energy of
597 keV [7,8]. This is not seen in the present data.

Figures 3(a) and 3(b) show the low-energy part of the
coincidence spectra for the 1545 and 1651 keV transitions.
The coincidence gate used to produce the γ -γ matrix required
that γ rays were seen between t = 100 and t = 800 ns. In both
cases the 267 and 408 keV peaks can be seen. However, the
1545 coincident spectrum has a further peak at 106 keV. The
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FIG. 4. (Color online) Experimental (left) and calculated energy
levels (see text for details) of 94Pd. The tentative spin and parity
assignment for the new isomer at 7212 keV is based on the
current work. Assignments for other states are based on prior results
[7,8,17,20]. Only transitions observed in the current work are shown.

same peak is seen in coincidence with the 267 and 408 keV
transitions [Figs. 3(c) and 3(d)].

From the above, and the lack of any other clear transitions
seen in singles or coincidence, we conclude that 94Pd has
a second isomer at 7212 keV that can decay through two
channels, a 1651 keV transition to the (16+) state or a 106 keV
transition to the (18+) state, as shown in the left part of Fig. 4.
The experimental results for the isomers are summarized
in Table I. The data unambiguously places the 1545 keV
transition above the 408 and 267 keV transitions and below
the 597 keV transition in the 94Pd level scheme, an assignment
that was previously based only on shell-model calculations and
comparison with the N = 48 isotones [8]. However, the order-
ing of the 267 and 408 keV transitions still remains uncertain.

The size of the Compton background makes isomer half-life
measurements using the low-energy γ rays at 267 and 408 keV
difficult. Conversely, the background under the 1545 and
1651 keV peaks can have no direct contribution from Compton
scattering of photons from the transitions below the 14+
isomer; the prompt flash is also small and well constrained
due to optimal time resolution at these energies. For the
1545 keV transition it is the low statistics which does not
allow for a reliable half-life measurement. However, it was
possible to implement a background-subtracted, weighted-
least-squares exponential fit to the time distribution of counts
in the 1651 keV peak, as shown in the bottom left corner of
Fig. 5. This gave a value of 197(22) ns.

For the transitions below the 14+ isomer in 94Pd, the
statistics are much higher. The top of Fig. 5 shows the time
distribution for this isomer derived from the present work.
Here the only events considered were those in which at least
two γ rays are seen with energies corresponding to transitions
in the yrast cascade from 12+ → 0+ (the 96 keV transition
is omitted due to the poor time resolution at this energy).
The time spectrum was then incremented with the time of the
highest energy γ ray seen from the cascade if all the transitions
seen from the cascade fell within a coincidence window of
250 ns. The line shown in the figure is a single-component
exponential fit with no background subtraction, using only
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FIG. 5. (Color online) Decay curve for the 1651 keV transition
(open squares) and for transitions below the 14+ isomer (crosses) (see
text).
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TABLE I. Experimental decay energies, half lives, branching ratios (BR) and transition rates for the assigned electric multipoles of order
L (EL) together with F5PG9 calculations of transition rates for the isomers in 94Pd. “F5PG9-a” uses effective charges of 1.72/1.44e for
protons/neutrons while “F5PG9-b” uses 1.5/0.5e.

B (EL) (W.u.)

Elevel (keV) Half-life (ns) Eγ (keV) BR (%) Iπ
initial → Iπ

final EL Expt. F5PG9-a F5PG9-b

7212 197(22) 1651 80(4) (19−) → (16+) E3 0.28(4) 0.18 0.10
106 20(4)a (19−) → (18+) E1 3(1)×10−7

19− → 17− E2 9.74 5.52
4886 499(13) 96 100a 14+ → 12+ E2 2.1(1)b 5.49 2.69

aIncluding internal conversion.
bAssuming a γ -ray energy of exactly 96 keV and IC coefficient of 1.62.

data with t > 1 µs. Given the measured half-life of the new
isomer and its relatively low population, this fit should be
characteristic of only the 14+ isomer. From this we infer a value
of 499(13) ns for this state, which is intermediate between
the values of Grzywacz [530(10) ns [19]] and Garnsworthy
et al. [468(19) ns [21]]. The reliability of the assumption
of vanishing background in this analysis is confirmed by the
excellent agreement with fits to the time spectra resulting from
gates on individual peaks with background subtraction.

Assuming the prior spin/parity assignments of the state
at 5561 keV to be correct (see below), Weisskopf estimates
would seem to give only one reasonable option for the spin of
the state of the new isomer, namely, 19. A lower spin would
open the possibility of fast quadrupole decays; with a higher
spin, one should expect a millisecond (or longer) half-life
for a 1651 keV γ decay to a 16+ state. Assigning the above
spin, the reduced E3 and M3 transition strengths are 0.28 and
12 W.u., respectively. The latter exceeds the recommended
upper limit for such a transition given in Ref. [30] by 20%. The
corresponding E1 and M1 Weisskopf strengths for a 106 keV
transition are 0.3 and 10 µW.u., respectively. Again the data
would appear to support a transition of electric character,
with retarded E1 transitions as low as 10−7 W.u. being fairly
common, while M1 transitions with strengths of 10−5 W.u. are
less so [30]. Hence we tentatively assign a spin and parity of
19− to the new isomer.

In order to compare results with theoretical expectations,
two different SM calculations were carried out using the
code OXBASH [31]. The first—henceforth known as P1G9 and
illustrated in the center of Fig. 4—used only the empirical
shell-model interaction of Gross and Frenkel [4] (GF) in the
πν(p1/2, g9/2) model space. This is a fit to experimental
level schemes and binding energies and extrapolates proton
and neutron single-hole energies (SHE) to 100Sn. This is the
same calculation as found in Fig. 5(b) of Ref. [7] but here
we include several additional states. The second—referred
to as F5PG9 and shown at the right of Fig. 4—is based on
the same interaction for the πν(p1/2, g9/2) model space but
was augmented by the πν(f 5/2, p3/2) model space using
an interaction derived from the CD-Bonn nucleon-nucleon
potential [32]. Core polarization has been corrected for
following the many-body approach outlined in Ref. [33]
assuming a 56Ni core, with the two-body matrix elements
(TBME) scaled down by ( 56

100 )1/3. This interaction was tuned
to reproduce the experimental p3/2 and f 5/2 SHE in 88Sr

and the extrapolated SHE for all valence orbits in 100Sn [34].
As the GF interaction was empirically fitted to the restricted
model space, it has to be corrected for the extended space to
avoid “double counting” of interaction strength which is most
severe in the T = 1 pairing channel. Therefore, all Iπ = 0+
GF TBME were reduced by 540 keV, keeping the multiplet
monopole unchanged. Moreover, all nondiagonal TBME in
the GF space were reduced to 50%. Transition rates were
calculated using typical effective charges for the GF space
of 1.72e and 1.44e [5] and alternatively 1.5e and 0.5e for
protons and neutrons, respectively. For E2 transitions, the
latter might be more appropriate for the extended F5PG9
model space which allows E3 and M2 transitions, while E1
is still excluded.

In both calculations the yrast states up to the 14+ isomer are
well reproduced. Above this isomer, the first question relates
to the ordering and spin-parities of the states decaying via the
267 and 408 keV γ rays. In both cases the 15+ and 16+ states
are the only states that seem reasonable with gaps in excess of
1500 keV between the 16+ state and the next positive-parity
state, while the negative-parity states are nonyrast by several
hundred kilo-electron-volts. In the F5PG9 model space, the
gap between the 15+ and 16+ states has decreased, while the
14+ to 15+ gap has increased, which matches the adopted
order of the 408 and 267 keV transitions better than the P1G9
calculation. It is, however, the original P1G9 calculations that
better match experiment for the absolute excitation energy of
the proposed 16+ state. It should be noted here that the P1G9
calculations reproduce the evolution of the N = 48 yrast states
very well with the exception of the (16+) in 92Ru, where the
(16+

2 ) state seems to better fit the systematics (see Ref. [8], and
references therein).

The most notable difference between the two models is the
lowering of the negative-parity states with the inclusion of
np-nh excitations from the negative-parity f 5/2 and p3/2

orbitals. This yields better agreement for the excitation
energy of the lowest 5− state compared to the original P1G9
calculation though the reduction in energy is slightly too large.
The sequence of high-spin states of both parities is generally
well reproduced in both approaches, the key exception being
the reversed order of the 17− and 19− states in the F5PG9
calculation, the former of which is lower in energy by about
80 keV. This is within the uncertainty of the shell-model
prediction and possibly due to insufficient correction of the
“double counting” of interaction strength and/or the lack of
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inclusion of excitations across the N = 50 shell gap. The
latter was seen to be important in reproducing the isomerism
of the (21+) state in 94Ag [8,13]. In the P1G9 calculation,
the 19− state has a pure (πp−1

1/2g
−3
9/2)11⊗(νg−2

9/2)8 configuration
and corresponds to the maximum-spin negative-parity state
allowed in the space; in the F5PG9 calculation this remains
the dominant configuration (89.5%) but is supplemented
by small admixtures of (πp−1

3/2g
−3
9/2)⊗(νg−2

9/2) (6.3%) and

(πf −1
5/2g

−3
9/2)⊗(νg−2

9/2) (4.0%).
An alternative interpretation for the isomerism—that the

state at 7212 is actually a 17− state that is fed by an
unseen, isomeric, low-energy, highly converted transition from
a higher lying 19− state—cannot be firmly ruled out from
the data. However, the comparable branching ratios for the
transitions from the state at 7212 keV to the states at 5561 and
7106 keV seems improbable for transitions that are of the same
multipolarity but differ by an order of magnitude in energy.
Since this argument would apply even if the state at 7106 were
the 17+ state and both calculations support the assignment of
16+ for the state at 5561 keV, we discount this possibility.

SM-reduced transition strengths for observed and predicted
(but not observed) transitions are listed in Table I for the two
choices of effective charges. It appears that the 14+ → 12+
strength is better reproduced by the smaller polarization

charge which is partly due to the extended model space. The
19− → 16+ E3 transition is mainly a proton g9/2 → p3/2

stretched �I = �l = 3 transition which is better reproduced
by a larger effective charge. A similar feature has been
observed in higher major shells above 132Sn and 208Pb for 134Te
and 210Po for corresponding h11/2 → d5/2 and i13/2 → f7/2

transitions [35].
In summary, a new high-spin isomeric state with a half-life

of 197(22) ns has been discovered in the N = Z + 2 nuclide
94Pd. We tentatively assign it as a (19−) state with dominant
configuration (πp−1

1/2g
−3
9/2)11⊗(νg−2

9/2)8 and both E1 and E3
decay branches. The present results reveal the importance of
including the well-bound f 5/2 and p3/2 orbits for understand-
ing the decay properties of high-spin isomers in the vicinity
of 100Sn. Such isomers and their decay properties provide an
excellent testing ground for empirical interactions and model
spaces and form an important step in the development and
understanding of proton-neutron interactions in nuclei.
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[29] T. Kibédi, T. Burrows, M. Trzhaskovskaya, P. Davidson, and

C. W. Nestor Jr., Nucl. Instrum. Methods Phys. Res. A 589, 202
(2008).

[30] P. Endt, At. Data Nucl. Data Tables 26, 47 (1981).
[31] B. Brown, A. Etchegoyen, N. Godwin, W. Rae, W. Richter,

W. Ormand, E. Warburton, J. Winfield, L. Zhao, and
C. Zimmerman, OXBASH for Windows, MSU-NSCL Report
No. 1289, 2004.

[32] R. Machleidt, Phys. Rev. C 63, 024001 (2001).
[33] M. Hjorth-Jensen, T. Kuo, and E. Osnes, Phys. Rep. 261, 125

(1995).
[34] H. Grawe, K. Langanke, and G. Martı́nez-Pinedo, Rep. Progr.

Phys. 70, 1525 (2007); H. Grawe, R. Schubart, K. H. Maier,
D. Seweryniak, and OSIRIS/NORDBALL Collaborations, Phys.
Scr. T 56, 71 (1995).

[35] J. P. Omtvedt, H. Mach, B. Fogelberg, D. Jerrestam,
M. Hellström, L. Spanier, K. I. Erokhina, and V. I. Isakov, Phys.
Rev. Lett. 75, 3090 (1995).

061309-5

http://dx.doi.org/10.1016/S0370-1573(97)00048-3
http://dx.doi.org/10.1016/S0375-9474(01)01138-1
http://dx.doi.org/10.1016/0375-9474(76)90645-X
http://dx.doi.org/10.1016/0375-9474(95)00469-6
http://dx.doi.org/10.1016/0375-9474(95)00469-6
http://dx.doi.org/10.1140/epja/i2006-08-040-7
http://dx.doi.org/10.1016/S0375-9474(02)01024-2
http://dx.doi.org/10.1016/j.nuclphysa.2003.12.014
http://dx.doi.org/10.1103/PhysRevC.70.044311
http://dx.doi.org/10.1103/PhysRevLett.95.022501
http://dx.doi.org/10.1038/nature04453
http://dx.doi.org/10.1103/PhysRevC.76.011304
http://dx.doi.org/10.1103/PhysRevC.77.064304
http://dx.doi.org/10.1103/PhysRevC.77.064304
http://dx.doi.org/10.1103/PhysRevLett.101.142503
http://dx.doi.org/10.1103/PhysRevLett.103.152502
http://dx.doi.org/10.1103/PhysRevLett.103.152502
http://dx.doi.org/10.1103/PhysRevC.80.054303
http://dx.doi.org/10.1007/BF01292324
http://dx.doi.org/10.1103/PhysRevC.55.1126
http://dx.doi.org/10.1103/PhysRevC.67.061301
http://dx.doi.org/10.1103/PhysRevC.80.064303
http://dx.doi.org/10.1016/0168-583X(92)95944-M
http://dx.doi.org/10.1016/0168-583X(92)95944-M
http://dx.doi.org/10.1016/j.nimb.2007.04.219
http://dx.doi.org/10.1016/j.nimb.2007.04.219
http://dx.doi.org/10.1016/j.nima.2008.08.155
http://dx.doi.org/10.1016/j.nima.2008.08.155
http://dx.doi.org/10.1016/S0168-9002(97)00048-X
http://dx.doi.org/10.1016/S0168-9002(97)00048-X
http://root.cern.ch/
http://dx.doi.org/10.1016/0168-9002(95)00183-2
http://dx.doi.org/10.1016/0168-9002(95)00183-2
http://dx.doi.org/10.1016/S0375-9474(03)01377-0
http://dx.doi.org/10.1016/j.nima.2008.02.051
http://dx.doi.org/10.1016/j.nima.2008.02.051
http://dx.doi.org/10.1016/0092-640X(81)90011-5
http://dx.doi.org/10.1103/PhysRevC.63.024001
http://dx.doi.org/10.1016/0370-1573(95)00012-6
http://dx.doi.org/10.1016/0370-1573(95)00012-6
http://dx.doi.org/10.1088/0034-4885/70/9/R02
http://dx.doi.org/10.1088/0034-4885/70/9/R02
http://dx.doi.org/10.1088/0031-8949/1995/T56/011
http://dx.doi.org/10.1088/0031-8949/1995/T56/011
http://dx.doi.org/10.1103/PhysRevLett.75.3090
http://dx.doi.org/10.1103/PhysRevLett.75.3090


 



Vol. 42 (2011) ACTA PHYSICA POLONICA B No 3–4

PROTON-RICH NUCLEI STUDIED WITH RISING∗

D. Rudolph

on behalf of the Stopped-Beam RISING Collaboration

Department of Physics, Lund University, 22100 Lund, Sweden

(Received February 7, 2011)

During the years 2006 to 2009, Rare Isotope Spectroscopic INvestiga-
tions at GSI (RISING) have focused on high-resolution γ-ray spectroscopy
of exotic nuclear species at rest: following unambiguous discrimination and
identification by the FRagment Separator (FRS) and its suite of detectors,
the nuclei of interest were implanted in either a passive stopper or a stack
of silicon detectors to allow for measurements of delayed ion–γ(γ) or ion–
β–γ(γ) correlations. Results concerning experiments along the N ∼ Z line
are summarised.
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1. Introduction

The relevance of isomeric or metastable states is an undisputed facet of
nuclear structure investigations. Simply their existence but even more their
decay modes continue to be valuable sources and constraints on contem-
porary models of the atomic nucleus. In fact, the combination of isotope-
selective devices, high-resolution γ-ray spectroscopy, and pixellated charged-
particle detection devices allows one to tag isomers and determine their often
unusual and sometimes unexpected decay modes, which in turn reveals the
first concise information on nuclei far from the line β stability — based upon
samples of fewer than a thousand nuclei.

The isospin degree of freedom opens up, as soon as such investigations are
directed at nuclei at or beyond the N = Z line, thereby passing the doubly-
magic fixed points 40Ca and 56Ni on the road to 100Sn. Here, β-delayed
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Landscape”, August 30–September 5, 2010, Zakopane, Poland.
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γ rays are of specific interest as they delineate weak but often decisive de-
cay paths relevant for the description of isospin symmetry and, more im-
portantly, isospin-symmetry breaking [1]. Figure 1 highlights the various
physics topics of the RISING Stopped-Beam campaign.

N = Z

Tc86

−pairingnp

isospin
symmetry
breaking

Ge62

B GT

Ni54

Cd96

isomer,

Sn100

Flagship

isomer

B GT

and exotic decays
high−spin isomers

50

Fig. 1. Sketch of the chart of nuclides with the main isotopes of the N ∼ Z

experiments within the RISING Stopped Beam Campaign marked.

2. Experiments and methods

The experiments discussed here have all been performed at the GSI
Helmholtzzentrum für Schwerionenforschung GmbH at Darmstadt, Germany.
Primary beams with intensities up to ∼ 109 particles per second and ener-
gies of typically 0.5–1.0 GeV per nucleon are provided by the SIS18 and
impinge on fragmentation targets at the entrance of the FRS. The latter
transports and separates the isotopes of interest, with event-by-event identi-
fication of mass, A, and proton number, Z, ensured by its standard suite of
detectors [2]. At the final focus of the FRS, the nuclei are implanted into ei-
ther a passive piece of plastic or metal or stacks of double-sided silicon strip
detectors [3], which are surrounded by 15 former Euroball Cluster detec-
tors [4], i.e. a total of 105 large-volume germanium crystals. In conjunction
with digital electronics, this set-up provides a world-unique combination of
isotope selectivity and sensitivity for high-resolution γ-ray spectroscopy in
the range 50 keV ≤ Eγ ≤ 6 MeV [5]. A typical example, namely the γ decay
of two isomers in 43Ti, is depicted in Fig. 2.

More experimental details can also be found in Refs. [6, 7] and the re-
spective physics papers referred to in the following sections.
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Fig. 2. (a) Example for an isotope-selective identification plot following the frag-
mentation of a 550-MeV/u 58Ni beam. The γ-ray spectra (parts (b) and (c)) are
correlated with at time t = t0 implanted 43Ti nuclei within different periods [t1, t2].
The insets provide the respective decay curves of the transitions depopulating the
two isomeric states in 43Ti.

3. Results and discussion

3.1. Mirror isomers near 56Ni

The microscopic understanding of so-called mirror-energy differences
(MED), i.e. differences in excitation energies of analogue states in mirror
nuclei, has increased significantly throughout the last decade [1, 8]. The
most reliable testing ground has been the fp-shell, and in particular nu-
clei located between 40Ca and 56Ni, where MED values call for an isospin-
symmetry breaking part originating from the strong force, especially in the
T = 1, J = 2 channel [9]. This proposal could be extended by the identifi-
cation of a core-excited 10+ isomer in 54Ni, which mirrors a well-known 10+

isomer in 54Fe [10]. Moreover, this high-spin isomer revealed a rather intense
discrete-energy ` = 5 proton decay branch into the first excited Iπ = 9/2−

state of 53Co, thereby taking this decay mode home to its origins [11, 12].
The high-statistics experiment on 54Ni allowed also the discrimination of
a short-lived 3/2− mirror isomer in 53Co itself: This is due to an in situ
production inside the passive beryllium stopper by means of secondary frag-
mentation [13].
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Another facet of this region of the chart of nuclides is the possibility
to do theoretical ‘shell-model spectroscopy’, i.e. a number of reliable and
profound shell-model interactions allow for detailed studies of the fp-shell
nuclei. Focusing on states with rather pure configurations predicted by all
such interactions allows us, for example, to examine effective charges in
greater detail. Figure 3 provides the present status, which strongly hints at
an orbital dependency [14,15,16,17].

Fig. 3. Effective charges needed to reproduce decay strengths of specific states in
the fp shell-model space. See text and Refs. [14, 15,16] for details.

3.2. Gamow–Teller strength and charge exchange reactions

A fascinating way to probe isospin symmetry is to compare and relate
Gamow–Teller (GT) strengths in β decay with those measured via charge-
exchange reactions. Assuming a set of isobaric analogue states, GT decays
between parent mirror nuclei (e.g., 54Ni and 54Fe) and a common daughter
nucleus (here: 54Co) should reveal identical strength — in the absence of
isospin mixing. Recent high-resolution (3He,t) charge exchange reactions
have been performed at RCNP Osaka [18, 19] on a series of T = 1 fp-shell
target nuclei, and the corresponding βγ coincidence decay measurements on
42Ca, 46Cr, 50Fe, and 54Ni have been performed within the RISING Active-
Stopper campaign in 2008. Preliminary results are summarised in Ref. [20]
and show, amongst others, the experimental RISING power by allowing the
clean observation of weak γ-ray transitions with energies Eγ > 5 MeV.

3.3. Neutron–proton pairing in mass A = 62

The search for enhanced proton–neutron pair correlations in N ∼ Z
nuclei continues to be of interest. Within the RISING Active-Stopper cam-
paign, the β decay of the N = Z − 2 nucleus 62Ge was studied, with the
focus lying on GT branches into excited 1+ states in the odd–odd N = Z
daughter 62Ga [21] next the dominant 0+ → 0+ superallowed Fermi decay.
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The idea is visualised in Fig. 4: In light nuclei, considerable GT strength
can by explained by the Wigner SU(4) symmetry, which is broken by the
spin-orbit splitting in heavier nuclei. This tends to lead to a fragmenta-
tion of GT strength but might be restored by a proton–neutron condensate.
Arising from an IBM-4 concept [22,23], a survival of such significant proton–
neutron pair correlations in medium-mass nuclei may result in enhanced GT
transitions into the low(est) lying T = 0, Iπ = 1+ states. This is due to
a predicted low-lying collective 1+ neutron–proton state in the odd–odd
N = Z nucleus, which is fed by a collective, superallowed GT transition
when changing either a T = 1 pp-boson into a T = 0 pn boson, or a T = 0
pn-boson into a T = 1 nn boson.

Fig. 4. Scheme of the decay path of the 0+ ground state of the even–even Tz = −1
nucleus 62Ge: Either via a superallowed Fermi decay into the ground state of 62Ga,
or a Gamow–Teller ‘bypass’ followed by β-delayed 1+ → 0+ γ-ray transitions [24].

In the experiment, about 16000 62Ge nuclei were implanted into the
RISING Active Stopper [3]. Previous half-life measurements are nicely con-
firmed by correlations with subsequent β decays of 62Ga. A number of γ
rays are observed in coincidence with the β decays of 62Ge as well, but there
is no apparent preference in feeding the lowest known 1+ state in 62Ga [24].

3.4. Isomers in odd–odd N = Z nuclei

Using the fragmentation of a primary 107Ag beam, the low-lying struc-
tures of a number of N ∼ Z nuclei in the mass A = 80–90 regime have been
determined. The main focus lies on the competition of isospin T = 0 and
T = 1 states in the hitherto heaviest odd–odd N = Z nuclei with known
excited states: 82Nb and 86Tc [25,26,27].



572 D. Rudolph

As shown in Fig. 5 (a), γ-ray transitions at 124, 418, and 638 keV are
associated with the decay of an isomeric state in 82Nb. They closely resemble
the 4+ → 2+ → 0+ cascade in the Tz = 1 neighbour 82Zr [28], when starting
from an I = 5 state depopulated by the 124-keV low-energy transition.
This interpretation is supported by, for instance, Total Routhian Surface
calculations, which predict rather soft triaxial shapes for both 82Nb and
82Zr. Though similar, the spin and parity of the isomeric state in 86Tc is
somewhat less well defined, i.e. there are possible solutions for both a 6+

(K-isomer) or 5− scenario [27,29]. Nevertheless, also in the case of 86Tc the
T = 1 states are clearly favoured in energy, providing a consistent picture
for a series of odd–odd N = Z nuclei in the f5/2pg9/2 shell.

Fig. 5. Isomeric decay schemes of N = Z = 41 82Nb (a) and its N = Z + 2 = 43
odd–odd neighbour 84Nb (b). Part (c) illustrates a shape prediction of a total
Routhian surface (TRS) calculation for 82Nb. 84Nb-ion correlated, delayed γ-ray
and γγ-coincidence spectra are displayed in part (d). Taken from Ref. [29].

In addition to the two N = Z nuclei, a number of isomeric states are
detected in neighbouring nuclei such as 84Nb and 87,88Tc [29]. In combination
with existing information from fusion-evaporation reaction studies [30, 31,
32] further light is shed on their low-lying structure: Shape hindrance is
thought responsible for the isomerism in 87Tc, while shell-model calculations
propose a low-lying isomeric 4+ state consistent with the observations in
88Tc. The low-lying decay scheme of 84Nb comprises three isomeric states
and is shown in Fig. 5 (b). Compared to N = Z 82Nb, the striking but
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expected difference is the missing np-pairing gap. Secondly, the γ-ray spectra
on the right stress the RISING experimental access to low-energy γ-rays and
γγ-coincidences [29].

3.5. High-spin isomers south–west of 100Sn

High-spin isomers in N ∼ Z, mass A ≥ 90 nuclei are a rich source of
information for the shell structure at and near 100Sn. Due to the strong
neutron–proton pairing interaction matrix elements, the underlying origins
of these isomers are aligned configurations of the type ν(g9/2)−n×π(g9/2)−m.
The most prominent example is the anticipated 21+ state in 94Ag with
n = m = 3, which is revealed to have a half-life of T1/2 ∼ 0.4 s and various
decay modes [33, 34, 35]. Negative-parity isomers typically involve an odd
particle or hole in the p1/2 orbital as observed in, for example, 94Pd [36,37].

Another set of isomers, which are subject to core-excited states, has also
been found in the course of the recent RISING campaign. Examples are
anticipated 12+ and 19+ states in 98Cd [38, 39] and 96Ag [40], respectively.
Their origin is similar to the 10+ states in 54Ni and 54Fe discussed in Sec. 3.1.
This is illustrated in Fig. 6 (a). Not only do the energies of the core-excited
states tell us about the size of the magic shell gaps at particle numbers
28 and 50, respectively, but the competition between E2 and E4 branches
provides access to the details of the wave functions hence shell-model inter-
actions. Last but not least, the RISING efficiency for high-energy γ-rays is
vital for the observation, as can be seen from the delayed γ-ray spectrum
attributed to 96Ag in Fig. 6 (b).
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Fig. 6. (a) Comparison of core excited states in 96Ag [40], 98Cd [38, 39], and
54Ni [10]. (b) High-energy portion of the γ-ray spectrum in delayed coincidence
with implanted 96Ag nuclei illustrating the respective (17+) → (15+) E2 and
(19+)→ (15+) E4 transitions in 96Ag.
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3.6. Flagging 100Sn

A flagship endeavour was undertaken in 2008 to collect the hitherto most
comprehensive knowledge on the decay of the N = Z = 50 nucleus 100Sn.
Led by the group at TU Munich, the collaboration combined the RISING
γ-ray spectrometer with the Silicon IMplantation detector and Beta Ab-
sorber (SIMBA) [41]. Compared to all previous experimental investiga-
tions [42,43,44], a rate increase in the production of 100Sn from about 1/day
to roughly 1/hour was achieved, and a production cross-section of 5–10 pb
derived. Due to the significantly increased primary 124Xe beam intensities
at GSI, the decay of more than 250 100Sn nuclei can be detailed [45].

Being the heaviest, stable, self-conjugate doubly-magic nucleus, informa-
tion on 100Sn is important not just for conventional shell-model approaches:
the β+ decay of 100Sn surely resembles the most pure Gamow–Teller spin-
flip transition on the chart of nuclei, namely an almost exclusive branch into
a single low-lying π(g9/2)−1× ν(g7/2)1 1+ state in the daughter 100In, which
moreover lies inside the β-decay energy window.

Preliminary results provide a more precise value of the half-life, T1/2,
which is consistent with earlier numbers [42, 44]. For the first time, a β
spectrum is derived, which gives rise to a world-record value of log ft < 3
and, hence, a high BGT strength. Five γ-ray transitions are observed in
correlation with the 100Sn β decays, the energies of which call for at least
two parallel γ-ray cascades in 100In. The possibility of an isomeric Iπ = 6+

state in 100Sn has been investigated as well, though unfortunately without
obvious success. Eventually, the anticipated isomer decays by direct proton
emission as seen in the case of 54Ni [10].

4. Summary and outlook

Undoubtedly, the RISING Stopped Beam campaign has and will signif-
icantly advance the understanding of nuclear structure along the N = Z
line. Particularly isospin symmetry breaking, np-pairing, and extended
shell-model studies near doubly-magic 56Ni and 100Sn have been at the
focus, and some of the results for the heavier nuclei relate to aspects of
nuclear astrophysics. Investigations of the fragmentation reaction process
itself have been and will be undertaken as well with the existing N ∼ Z
data sets [46,47], but cannot be detailed any further here. The same is true
for the majority of physics issues, which could only be touched upon briefly
in this summary. Details can be found in the respective published or soon
to be published manuscripts and PhD theses.
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In conclusion, the basis of the great success of this RISING campaign lies
in the unprecedented and unique capabilities of combining high-intensity, rel-
ativistic primary beams with an event-by-event ‘isotope-identifier’ followed
by a highly efficient, high-resolution spectroscopy set-up with decent granu-
larity.

While the RISING project came to an end in 2009, its successor PRE-
SPEC is in place at the moment, which has two main aims: to prepare the
nuclear structure community for the opportunities at FAIR in the mid-term
future, while using existing and optimising new equipment to tackle more of
the unknowns on the chart of nuclei — the physics of the PRESPEC Decay
Campaign opened with a workshop as early as January 2011 in Brighton [48].

This paper is presented on behalf of the Stopped Beam RISING Col-
laboration. Special thanks go to my colleagues A. Blazhev, P. Boutachkov,
T. Faestermann, A. Gadea, A. Garnsworthy, B. Rubio, and R. Wadsworth
for providing figures and letting me use previously unpublished data and
results, and W. Gelletly for the fine tuning of the manuscript. This work
was partially supported by the Swedish Science Council and the European
Commission (Contract 506065) (EURONS). Finally, I would like to thank
the Organisers of the conference for their fantastic arrangements.
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First observation of the decay of a 15− seniority v = 4 isomer in 128Sn
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Isomeric states in the semimagic 128–130Sn isotopes were populated in the fragmentation of a 136Xe beam
on a 9Be target at an energy of 750 A·MeV. The decay of an isomeric state in 128Sn at an excitation energy of
4098 keV has been observed. Its half live has been determined to be T1/2 = 220(30) ns from the time distributions
of the delayed γ rays emitted in its decay. γ γ coincidence relations were analyzed in order to establish the decay
pattern of the newly established state toward the known (7−) and (10+) isomers at excitation energies of 2092 and
2492 keV, respectively. Based on a comparison with results of state-of-the-art shell-model calculations the new
isomeric state is proposed to have the νh−3

11/2d
−1
3/2 configuration with the four neutron holes in 132Sn maximally

aligned to a total spin of Iπ = 15−.

DOI: 10.1103/PhysRevC.83.044328 PACS number(s): 21.10.Tg, 21.10.Ky, 21.60.Fw, 27.60.+j

I. INTRODUCTION

The series of semimagic Sn isotopes have long attracted
a particular interest in nuclear structure research both from
an experimental as well as a theoretical point of view. With
the 33 experimentally accessible isotopes between the two
double-magic cornerstones 100Sn and 132Sn, it allows for
systematic and stringent tests of the validity of theoretical
models across an entire span of a large major neutron shell
and beyond, from the proton dripline with N = Z to the
isotope which has 10 neutrons more than the most neutron-rich
stable tin isotope. In the upper half of the major neutron
shell the filling of the unique-parity h11/2 orbital gives rise
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†Present address: GANIL, Caen, France.
‡Present address: RIKEN, Japan.
§Present address: Universidad de Vigo, Spain.
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to the observation of seniority isomers. Indeed in all even
Sn isotopes in the range A = 116–130 10+ νh−2

11/2 isomeric
states have been observed using deep-inelastic reactions, the
β decay of long-lived isomeric states in the In isotopes,
as well as fragmentation and fission at relativistic energies
[1–4]. In the odd isotopes the experimental information on
the corresponding 27/2− νh−3

11/2 isomer has been recently
extended up to the 129Sn isotope [5]. These complete sets of
excitation energies as well as decay properties allowed us to
study in detail the filling of the h11/2 orbital and to determine
the effective E2 charges. In addition to the νh−n

11/2 states, other
long-lived levels involving the d3/2 neutron orbital, which is
lying close in energy to the h11/2 orbit, have been observed
in all A = 116–130 Sn isotopes. In detail these are νh−1

11/2d
−1
3/2

states with spin 7− in the even and νh−2
11/2d

−1
3/2 levels with spin

23/2+ in the odd Sn isotopes. However, what is still lacking
is the information from seniority v >3 states involving both
orbitals. The purpose of the present article is to report on the
identification of the first v = 4, νh−3

11/2d
−1
3/2 isomeric state with

spin (15−) in the nucleus 128Sn.
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II. EXPERIMENT AND RESULTS

Isomeric states in the A = 128–130 Sn isotopes were
populated by means of relativistic fragmentation of a 136Xe
beam at an energy of 750 A·MeV on a 4 g/cm2 thick 9Be target
within the RISING campaign at GSI, Darmstadt. The fragment
separator (FRS) [6] was set to optimize the transmission of
126Cd and the reaction products were identified ion by ion in
the FRS via the measurement of the energy loss, the magnetic
rigidity, the positions in the intermediate, and the final focal
plane and the time-of-flight between the two. Finally, after
being slowed down in an Al degrader, the ions were implanted
in a passive stopper in the final focal plane of the FRS.
The fraction of nuclei which were populated in an excited
isomeric state and also implanted in this state after surviving
the flight through the separator then decay to the ground state
by γ -ray emission. These γ rays were detected by 15 large
volume Ge cluster detectors [7] from the former EUROBALL
spectrometer arranged in close geometry around the stopper
[8]. With the requirement of a delayed coincidence relationship
between the implanted ion and the detected γ ray the radiation
can be unequivocally assigned to the decay of an isomeric state
of a particular isotope. More details about the experimental
setup and the data handling are given in Refs. [9–12] in which
results concerning the nuclei 127,128,130Cd and 131In studied in
the same experiment have been presented. In total 1.35 × 104

128Sn, 5.7 × 105 129Sn, and 4.8 × 105 130Sn ions have been
identified and implanted in the current experiment.

A spectrum of γ rays observed in delayed coincidence
with identified and implanted 128Sn ions is shown in Fig. 1(a).
The spectrum is dominated by two lines at 79 and 321 keV,
respectively, which are known to be emitted in the decay of the
Iπ = (10+) isomeric state with a half-life of T1/2 = 2.69(23)
µs [4]. Furthermore, indications of additional lines were found
in this spectrum, for example, at an energy of 426 keV.
When the time range is limited to the first 1.5 µs after the
implantation six previously unobserved γ transitions with
energies of 119, 207, 426, 625, 1055, and 1061 keV are
clearly identified in the spectrum of Fig. 1(b). They indicate
the existence of an additional isomeric state with a half-life

FIG. 1. Delayed γ -ray spectra in coincidence with identified
128Sn ions implanted in the stopper for (a) a long (75 ns–23 µs)
and (b) a shorter time range (75 ns < t < 1.5 µs).

FIG. 2. γ -ray spectra observed in prompt coincidence with the
119, 1061, 426, 207, 1055, and 625 keV transitions, respectively,
within the first 1.5 µs after the implantation.

in the submicrosecond range. In order to obtain information
about the ordering of the newly observed transitions prompt
γ γ coincidence spectra were sorted for the time range
75 ns < t < 1.5 µs after the implantation. The resulting spectra
are shown in Fig. 2. Although the statistics of these spectra is
very low there is sufficient evidence that two groups of γ

rays, 426–1061 keV and 207–625–1055 keV, are observed in
mutual coincidence and therefore form cascades. The 119 keV
transition is observed in coincidence with members of both
sequences and due to its low energy a natural candidate to be
the transition depopulating the isomeric state. It is interesting
to note that the sum energies of the three γ rays with 207,
625, and 1055 keV, namely 1887 keV, is equal to the sum
of the 426 and 1061 keV transitions plus the known 79 and
321 keV γ rays connecting the (10+) and (7−) isomeric states.
And indeed, when removing the prompt coincidence condition
and opening the time window, the 321 keV γ rays is clearly
observed in delayed coincidence with the newly identified
1061 and 426 keV transitions. We therefore place these two
transitions on top of the (10+) state leading to a new level at
an excitation energy of 3979 keV and the 207–625–1055 keV
cascade in parallel connecting this newly identified level to the
(7−) state at 2092 keV. The relative intensities of the newly
identified transitions are summarized in Table I. They have
been determined in the delayed singles spectrum to be limited
to the first 1.5 µs after the implantation while the intensity of
the 426 keV γ ray relative to the 79 and 321 keV transitions
has been obtained from the singles spectrum without time
condition. We find that the intensity of the 426–1061 keV
cascade is about twice that of the 207–625–1055 keV branch.
Unfortunately there is no additional experimental information
that could help to fix the order of the transitions within the
two cascades. The order we propose in Fig. 3 and therefore
the position of the intermediate states at 3147, 3553, and
3772 keV consequently is considered to be tentative.

To determine the half-life of the new isomeric state at
4098 keV the time distributions between the ion implantation
and the detection of one of the four γ rays with energies of 426,
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TABLE I. Energies (Eγ ), proposed initial (Iπ
i ), and final (Iπ

f ) spin
values and relative intensities of the γ transitions observed in a long
(t < 23 µs) I l

rel, respectively short (t < 1.5 µs) I s
rel, time window

after the implantation in the present experiment.

Eγ (keV) Iπ
i I π

f I l
rel I s

rel

79 (10+) (8+) 1030(80)a –
119 (15−) (13−) – 190(25)a

207 (13−) (11−) – 55(10)a

321 (8+) (7−) 1110(30) –
426 (13−) (12+) 100(10) 100(10)
625 (11−) (9−) – 47(8)
1055 (9−) (7−) – 33(9)
1061 (12+) (10+) – 118(14)

aCorrected for internal conversion assuming E2 multipolarity.

625, 1055, and 1061 keV have been summed and least-squares
fitted by a single-exponential decay resulting in a half-life of
T1/2 = 220(30) ns. Random correlations have been taken into
account in this procedure by subtracting the time distributions
corresponding to background regions next to the energy peaks
under study prior to the fit. The half-life of the known (10+),
2492 keV isomer has been redetermined from the present
data as T1/2 = 3.00(15) µs by fitting the time distribution of
the 321 keV transition, taking into account the feeding from
the newly identified isomeric state at an excitation energy of
4098 keV. This result is in reasonable agreement with the

FIG. 3. (Color online) Comparison between the proposed ex-
citation scheme of 128Sn (EXP) with the results of shell-model
calculations (SM).

FIG. 4. (Color online) Time distributions between the ion implan-
tation and the detection of one of the 426, 625, 1055, and 1061 keV
transitions (15−), respectively, the 321 keV γ ray (10+) in 128Sn (top
row), one of the 774 and 1221 keV transitions (5−), respectively, the
393 keV γ ray in 130Sn (middle row), and one of the 145 and 605 keV
transitions (27/2−) in 129Sn (bottom row).

literature value of T lit
1/2 = 2.69(23) µs [4] and T1/2 = 2.77(22)

µs [13] deduced from the experimental data discussed in
Ref. [14]. Both decay curves including the fits are shown in
the top row of Fig. 4.

As mentioned before, besides 128Sn the neighboring iso-
topes 129Sn and 130Sn were also produced in the present
experiment with higher yields. Although no new isomeric
states were found in these nuclei the half-lifes of the known
27/2− level in 129Sn and the (10+) and 5− isomers in 130Sn
were redetermined taking advantage of the increased statistics
of the present data set. The corresponding decay curves
including the fits are shown in Fig. 4. While the resulting
half-lives for the 27/2− state in 129Sn and the (10+) state in
130Sn, T1/2 = 217(19) ns, respectively, T1/2 = 1.501(17) µs,
agree within the experimental uncertainties with the literature
values (T1/2 = 270(70) ns, respectively, T1/2 = 1.61(15) µs
from Refs. [4,5]) a small deviation is observed for the short-
lived 5− isomer in 130Sn. Our value of T1/2 = 63(4) ns is
slightly larger compared to the T1/2 = 52(3) ns reported by
Fogelberg et al. [4].

III. DISCUSSION

In order to interpret the new experimental information
obtained from the present data set for isomeric decays in
128Sn, new shell-model calculations were performed in a model
space consisting of the p1/2, g9/2 for protons and g7/2, s1/2,
d5/2, d3/2, h11/2 for neutrons outside an inert 88Sr core. It is
important to note that neither proton excitations across the
Z = 50 nor neutron excitations across the N = 82 gap are
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considered in these calculations. The residual interaction is
inferred from a realistic G matrix derived from the CD-Bonn
nucleon-nucleon potential [15]. Core polarization has been
corrected for following the many-body approach outlined in
Ref. [16]. Monopole tuning following A−1/3 scaling of the two-
body matrix elements (TBME) was performed to reproduce
the single-hole energies in 132Sn as described in Refs. [5,9].
For the open proton-neutron (πν) space further modifications
were introduced that are described in Ref. [12] but do not
concern the Sn isotopes except for a −150 keV correction
of the (νh2

11/2)2+ TBME. Modifications of individual TBME
were performed maintaining the monopole of the respective
multiplet and thus the 132Sn single-hole energies. It should
be noted that monopole tuning of the evolution of effective
single-particle energies (SPE) from a closed shell nucleus
to single-hole energies (SHE) in the next, here from 100Sn
to 132Sn, is ambiguous as there are more multiplets (here
νν) than SPE/SHE pairs. To minimize the relative shift of
individual multiplets, preferably those with a high-spin partner
(here νh11/2) are chosen as a small monopole change creates
a large SPE-SHE shift {see e.g., Eq. (2) in Ref. [17]}.
The ambiguity may be reduced however by maintaining the
seniority driven experimental evolution of B(E2) values with
changing occupation n of the high-spin orbital (here νhn

11/2).
Further details will be given in a forthcoming publication [18].
Effective charges of eπ = 1.5e and eν = 0.7e were used for
protons and neutrons, respectively [5,9]. The calculations were
performed with the OXBASH code [19].

The results of the shell-model calculations with respect to
the excitation energies are shown in Fig. 3 in comparison to
the experimentally observed states. The agreement between
experiment and calculations is extremely good for all known
states up to the (10+) isomer at an excitation energy of
2492 keV. This nice agreement together with the fact that
the same interaction has already successfully been used in
the past to describe other Sn and also Cd isotopes near
132Sn [5,9,12,14,20] encouraged us to use the results of

the shell-model calculations as a basis for a tentative spin
assignment for the newly observed states above the (10+)
state. In the excitation energy range from 2.5 to 4.2 MeV
the shell-model calculation predicts the existence of five states
with spins of 9−, 12+, 11−, 13−, and 15−. Experimentally two
new states at 3979 and 4098 keV have been firmly established
and are naturally assigned to the highest two calculated levels
with spin 13− and 15−. Since the order of the transitions
within the two parallel cascades could not be fixed on the
basis of experimental information, we propose intermediate
states at 3147, 3553, and 3772 keV (see Fig. 3) because of
their proximity to the calculated levels at 3115, 3565, and
3700 keV, respectively. These assignments, which of course
have to be considered tentative, and the resulting multipolari-
ties of the involved transitions are consistent with the observed
intensities summarized in Table I.

Besides excitation energies, reduced transition probabilities
for a number of E2 and E3 transitions involved in the decay
of the isomeric states in 128–130Sn were also calculated. They
are compared Table II and Fig. 5 to the values deduced
from the half-lives measured in the present work using the
conversion coefficients from Ref. [21]. In Fig. 5 experimental
and shell model I → I − 2 E2 transition strengths in W.u. are
compared for initial states with leading configurations νh

2,3
11/2;

Iπ = 10+, 27/2− (upper panel) and νhn
11/2d3/2, Iπ = 7−

(n = 1), 23/2+ (n = 2), and 15− (n = 3) (lower panels). Data
are from Refs. [5,23] and the present work. The agreement
between experimental and theoretical transition probabilities
is gratifying and in particular the decay of the newly observed
(15−) isomer is very well described by the shell-model
calculation. The E2 strengths between high-spin states of
rather pure configuration with the effective neutron charge
used are in general a little underestimated in agreement with
the conclusion drawn in Ref. [5] that a value of 0.85 e

might be more appropriate. The E3 strengths are predicted
to be hindered (see Table II) as they are dominated by the
neutron h11/2 → d5/2 single-particle transition with the d5/2

TABLE II. Half-lives T1/2 of isomeric states in 128,129,130Sn and reduced transition probabilities B(Eλ) in Weisskopf units of E2 and E3
transitions observed in their decay. The conversion coefficients α are taken from Ref. [21].

Nucleus Iπ
i Ex (keV) T1/2 Iπ

f Eγ (keV) α B(Eλ) (W.u.)

This work Literature This work SM

128Sn (10+) 2492 3.00(15) µs 2.69(23) µsa 8+ E2 79 3.69 0.341(17) 0.270
7− E3 400 0.046 – 8.77×10−3

(15−) 4098 220(30) ns – 13− E2 119 0.861 1.51(21) 1.397
12+ E3 545 0.016 – 1.71×10−4

7− 2092 6.5(5) sb 4+ E3 91 26.5 0.133(11)c 0.0768
129Sn 27/2− 2552 217(19) ns 270(70) nsd 23/2− E2 145 0.428 0.735(64) 0.565
130Sn (10+) 2435 1.501(17) µs 1.61(15) µsa 8+ E2 95 1.91 0.427(5) 0.266

7− E3 488 0.023 – 0.0320
5− 2085 63(4) ns 52(3) nsa 7− E2 136 0.537 1.16(7) 1.212

aFrom Ref. [4].
bFrom Ref. [22].
cFrom Ref. [23].
dFrom Ref. [5].
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FIG. 5. (Color online) Experimental and shell model I → I − 2
E2 transition strengths in Weisskopf units for initial states with
leading configurations νh2,3

11/2; Iπ = 10+,27/2− (upper panel) and
νhn

11/2d3/2, Iπ = 7− (n = 1), 23/2+ (n = 2), and 15− (n = 3) (lower
panels). The experimental values for the 10+ and 15− states in 128Sn,
the 27/2− level in 129Sn, and the 10+ state in 130Sn have been
calculated from the new lifetimes determined in the present work
(red symbols) while all other values are taken from Refs. [5,23].

level lying deep in the shell. This expectation is corroborated
by the nonobservation of E3 branches from the 10+ and 15−
isomers.

The evolution of E2 strength between states of fixed
configurations with decreasing occupation of the νh11/2 orbital
shown in Fig. 5 is well reproduced. Deviations in the slope to-
ward midshell have been discussed in Ref. [5] and can be traced
back to seniority mixing induced by proton ph excitations
across Z = 50. The discrepancy for the E2 27/2− →23/2−
transition in 125Sn is due to the fact that a second 23/2−
is predicted to lie 320 keV higher connected by a strong
2.8 W.u. E2 to the 27/2−. This state has dominant seniority
v = 5 in contrast to v = 3 for the yrast 23/2− and 27/2−
states. Seniority mixing induced by proton ph excitation
across Z = 50, which is beyond the present configuration
space, will improve the agreement with experiment. The
phenomenon was first observed in midshell πgn

9/2 N = 50
isotones [17].

IV. CONCLUSIONS

In conclusion, a previously unobserved isomer with a
half-live of T1/2 = 220(30) ns has been identified in 128Sn
at an excitation energy of 4098 keV. It decays via two
parallel γ -ray cascades to the well established (7−) and
(10+) isomeric states. Based on shell-model calculations a
spin value of (15−) and the four-neutron-hole configuration
νh−3

11/2d
−1
3/2 have been tentatively assigned to the new isomer.

Reduced transition probabilities for E2 and E3 transitions
involved in the decay of a number of isomeric states in
128,129,130Sn have been deduced from the measured half-lives
and were compared to the results of shell-model calculations.
A satisfactory agreement was found for both excitation
energies as well as transition probabilities. The evolution of
E2 transitions between selected states of fixed seniority is
discussed.
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Excited states in 96Ag were populated in fragmentation of an 850-MeV/u 124Xe beam on a 4-g/cm2 Be target.
Three new high-spin isomers were identified and the structure of the populated states was investigated. The level
scheme of 96Ag was established, and a spin parity of (13−), (15+), and (19+) was assigned to the new isomeric
states. Shell-model calculations were performed in various model spaces, including πν(p1/2, g9/2, f5/2, p3/2) and
the large-scale shell-model space πν(gds), to account for the observed parity changing M2 and E3 transitions
from the (13−) isomer and the E2 and E4 transitions from the (19+) core-excited isomer, respectively. The calcu-
lated level schemes and reduced transition strengths are found to be in very good agreement with the experiment.
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I. INTRODUCTION

There are many isomeric states predicted and observed
near the doubly magic 100Sn nucleus [1,2]. Their existence
and properties are governed by the strong proton-neutron
(πν) interaction between identical orbitals, and in particular
the high-spin πg9/2 and νg9/2 orbits. Detailed shell-model
calculations provide the tool to probe specific aspects of
the nuclear residual interaction through comparison with key
experimental data. Of particular interest are cases in the 100Sn
region where core-excited high-spin isomeric states may be
discovered, as there is a limited number of ways of forming
these states. The first and so far only known case of such a state
was identified in 98Cd [3]. In fact, this state has a counterpart in
the N = 3 harmonic oscillator shell in 54Fe and 54Ni [4]. In the
present work we report on the discovery of three isomeric states
in the 96Ag nucleus, one of which is a core-excited isomer.

Experimentally there is little known about 96Ag. The
existence of an isomeric state was indicated by Grzywacz
et al. [5], reporting two γ -ray transitions. In the experiment
presented here, the power of the Rare Isotope Spectroscopic

*P.Boutachkov@gsi.de

Investigation at GSI (RISING) setup [6] was used to perform
detailed isomer spectroscopy of 96Ag.

II. EXPERIMENT AND RESULTS

The experiment was part of the “stopped beam campaign”
of the RISING project [7]. A 124Xe beam with energy of
850 MeV/u and an intensity of 109 particles per second was
produced at the GSI accelerator complex. The fragmentation
reaction on a 4-g/cm2 9Be target was employed to produce
the excited 96Ag residues, which were thereupon selected with
the FRagment Separator (FRS) [8] using the Bρ − �E − Bρ

technique. An event-by-event identification was performed
with various detectors positioned at the middle (S2) and final
(S4) focal planes of the FRS (see, e.g., Fig. 1 of Ref. [9] for
the schematic setup). The nuclear charge Z was measured
with two multisampling ionization chamber detectors at S4.
The mass-over-charge ratio (A/Q) was determined from the
measured time of flight between scintillators positioned at
S2 and S4. Corrections for different trajectories through the
FRS were performed based on position measurements with
pairs of time-projection chambers, mounted at S2 and S4. The
measured Z and A/Q were corrected for drifts in electronics
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FIG. 1. (Color online) Z versus A/Q identification plot (see text
for details).

and temperature and atmospheric-pressure changes during the
experiment.

The fragments, including 96Ag, were slowed down with
an Al degrader and implanted into an array of nine double-
sided silicon strip detectors (DSSSDs), 5 × 5 cm2 each, with
16 × 16 x-y segmentation. The detectors were arranged in
three rows with three detectors in each row. The DSSSDs
were surrounded by the RISING HPGe detector array, with a
layout described in Ref. [7]. The absolute efficiency of the Ge
array in this configuration was 10% at 1.3 MeV. DGF-4C [10]
modules were used to process the signals from the Ge array
within 90 μs after the arrival of an ion at S4. The shortest
observed half-lives were limited by the flight time through
the separator, about 0.33 μs, and by the background from the
prompt bremsstrahlung radiation arising from the implantation
of the reaction products in the DSSSDs.

The fragment identification plot obtained in this measure-
ment is shown in Fig. 1 with 2 × 105 96Ag nuclei identified.
The correct reconstruction of Z and A/Q was verified by
observing the known γ -ray transitions populated in the isomer
decays of 96Pd [11] and 98Cd [3].

The delayed 96Ag γ -ray spectrum acquired up to 90 μs
after implantation is shown in Fig. 2, where the γ -ray energies

FIG. 2. A γ -ray spectrum observed from 0.075 to 90 μs after
implantation of 96Ag. The γ rays associated with 96Ag are marked by
their energies. The inset highlights the region around 4 MeV acquired
in 0.075 to 0.6 μs after implantation.

of the 96Ag transitions are marked. All γ -ray transitions were
observed for the first time in this measurement, except for the
470-keV and 668-keV lines seen by Grzywacz et al. [5]. The
inset highlights the region around 4 MeV acquired in 0.6 μs
after the implantation.

A γ -γ coincidence analysis of the 96Ag data resulted in the
level scheme shown in Fig. 3. The isomeric states identified in
this experiment are drawn in bold. The level energies, γ -ray
energies, Eγ , relative intensities, Iγ , coincidence relations,
isomeric ratios [12], R, and the half-lives, T1/2, of the
measured time distributions are summarized in Tables I and
II, respectively. The half-lives for the 2643 + x-keV and
2461-keV levels were obtained by maximum likelihood fit
of the sum of the time distributions for the 470-, 1506-,
1249-, 743-, 257-, 1719-, and 486-keV γ rays (where “x”
is the energy of the unobserved transition; see below) with two
exponential decay curves. They are consistent with the time
distributions of the 630-, 667-, and 743-keV transitions. The
half-life of the 6908 + x level was obtained by a fit of the sum
of the time distributions for the 4167-keV and 4265-keV γ

rays with a single exponential decay curve. The summed time
distributions are shown in Figs. 4(a) and 4(b), together with
the fits. The ordering of the 470-, 1719-, 1976-, and 2461-keV
levels is fixed by the cross-over transitions. A γ -ray spectrum
in coincidence with the 667-keV transition and a coincidence
time window of �Tc = 0.15 μs is shown in Fig. 5(a). Because
of the narrow coincidence window the γ transitions above the

FIG. 3. Proposed level scheme of 96Ag. The isomeric states
identified in this experiment are drawn in bold (see text for details).
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TABLE I. Level energies, γ -ray energies, relative intensities, and observed prompt coincidences.

Ex (keV) Eγ (keV) Iγ Prompt coincidence transitions(keV)

469.9(2) 470.0(2) 100.0(15) 257,486,630,667,743,
1249,1506

1718.7(2) 1248.8(2) 37.7(12) 257,470,630,667,743
1718.5(4) 3.4(5) 257,667,743

1975.6(2) 256.8(2) 12.2(8) 470,486,630,667,1249,1719
1505.7(2) 67.1(15) 470,486,630,667

2461.2(3) 485.7(3) 5.8(6) 257,470,1506
742.7(2) 26.6(9) 470,1249,1719

2605.7(3) 630.1(2) 18.0(8) 257,470,1249,1506
2643.0(3) 667.4(2) 60.4(12) 257,470,1249,1506,1719
6810(2) + x 4167(2) 2.9(5) 98
6908(2) + x 98(3) 4167

4265(2) 0.7(3)

1.56 μs isomer are not visible in this spectrum. In Fig. 5(b)
a part of the coincidence spectrum is shown, when �Tc is
increased to 3 μs and one of the γ rays was detected within
0.6 μs of implantation. The 4167-keV and 4265-keV transi-
tions are marked. This indicates the presence of an isomeric
state, with a half-life given in Fig. 4(b), which decays into the
state at 2643 + x keV.

A coincidence spectrum of the 1249-keV transition with
�Tc = 0.15 μs is shown in Fig. 5(c). The 743-keV transition
depopulating the 2461-keV level is clearly visible. The
486-keV γ ray is not seen, due to the branching ratios and
the observational limit of the RISING array. The 486-keV
transition is seen in coincidence with the 257-keV transition.
Therefore, it is placed in the level scheme shown in Fig. 3.

The existence of three isomers in 96Ag decaying with
high γ multiplicity and partially common cascades, indicates
population of high-spin yrast states. In the isotones of 96Ag,
94Rh, and 92Tc, low-lying yrast (8+) states were observed.
These are identified as the ground state or as an isomer at low
excitation energy [13,14]. The shell-model calculations in this
work and in Ref. [15] predict a low-lying 8+ state in 96Ag,
consistent with the systematics of the (8+) states in 94Rh and

92Tc. Hence, we have assumed that the lowest state populated
by the high-spin yrast cascade in Fig. 3 has Iπ = (8+).

The spins of the excited states are assigned assuming the
observed transitions follow an yrast decay. Based on the
coincidence analysis, the 1719-keV transition is parallel to
the 470-keV and the 1249-keV transitions. Hence, it is likely
that the 1719-keV transition has an E2 character while the
470-keV and 1249-keV transitions have a M1 character.
Similarly, the 1249-keV and 257-keV transitions form a
parallel branch to the 1506-keV transition. There is no isomeric
state in between, suggesting E2, M1, and M1 character for the
1506, 1249, and 257 keV transitions, respectively. Therefore,
the spins of the 470-keV, 1719-keV, and 1976-keV levels are
assigned as (9+), (10+), and (11+). The 630-keV and 667-keV
transitions are parallel [see missing coincidence in Fig. 5(a)].
They are in prompt coincidence with the discussed γ rays,
and have T1/2 of 1.52(5) and 1.54(15) μs, respectively. Hence,
the 2606-keV and 2643-keV states (see Fig. 3), are fed by the
1.56-μs isomer. The isomer half-life is compatible only with
E2 multipolarity and a transition energy close to or below the
observational limit of 50 keV. Parallel primary decay branches
from the isomeric state to the 2606-keV and 2643-keV levels

TABLE II. Half-lives, T1/2, of isomeric states in 96Ag, isomeric ratios, R, and reduced transition probabilities, B(σλ), of E2, M2, E3, and
E4 transitions observed in their decay. One Weisskopf unit (W.u.) corresponds, respectively, to 26.11 e2 fm4, 34.59 μ2

N fm2, 547.4 e2 fm6, and
12 144 e2 fm8 for E2, M2, E3, and E4 transitions. Electric transitions are calculated with two sets of effective charges for protons/neutrons:
(1.5/0.5) e (a) and (1.72/1.44) e (b).

Jπ
i Ex (keV) T1/2 (μs) R(%) Jπ

f σL Eγ (keV) B(σλ) (W.u.)

Expt. GF FPG GDS
(a) (b) (a) (b) (a)

(19+) 6908+x 0.16(3) 2.0(12) (17+) E2 98 4.7(10) 3.572
(15+) E4 4265 0.9(6) 0.697

(15+) 2643+x 1.56(3) 10.9(6) (13+) E2 x = 50 2.45(6) 2.989 4.270 2.983 4.259 3.831
x = 25 6.57(16)

(13−) 2461 100(10) 9.0(14) (11+) M2 a 486 9.6(14) × 10−5 3.57 × 10−5

E3a 0.62(9) 0.527 0.689
(10+) E3 743 0.145(17) 0.0574 0.128

aAlternative assumption.
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FIG. 4. (a) Summed time distributions for the 470-, 1506-, 1249-,
743-, 257-, 1719-, and 486-keV γ -ray transitions. (b) Sum of the
time distributions of the 4167-keV and 4265-keV γ -ray transitions,
depopulating the state at 6908 + x keV. Half-lives are shown,
extracted with the maximum likelihood method.

would imply identical spin parity for these states, which is not
observed in any of the N = 49 odd-odd isotones. Therefore,
an M1 and E2 multipolarity is assigned for the 630-keV and
667-keV transitions, respectively, suggesting a parallel M1
cascade of a nondetectable 37-keV transition followed by the

FIG. 5. (a) and (b) Coincidence spectra with the 667-keV tran-
sition within time windows of �Tc = 0.15 μs and �Tc = 3 μs,
respectively. (c) A spectrum in coincidence with the 1249-keV
transition within a time window of �Tc = 0.15 μs.

630-keV transition. This assignment is compatible with the
measured intensity ratio. Hence, the tentative spin and parity
of the 2606-keV, 2643-keV, and 2643 + x keV levels [where
“x” is the energy of the unobserved E2 transition connecting
the 1.56-μs isomer to the (13+) state] are (12+), (13+), and
(15+), respectively.

The core-excited 0.16-μs isomer decays by competing
98-keV E2 and 4265-keV E4 transitions, similar to the
core-excited state in 98Cd [16]. This is consistent with the
observation of a prompt coincidence between the 98- and
4167-keV transitions. A lower multipolarity for the high-
energy transitions is incompatible with the observed half-life
and the level scheme. Hence, spins of (17+) and (19+) are
assigned to the 6810 + x-keV and 6908 + x-keV levels.

The long decay time of the 100-μs isomer and the
transition energy indicate a parity changing transition. If the
2461-keV state had a positive parity or the isomer was
because of an unobserved low energy M1 or E2 transition, the
2461-keV state would have been fed from the 2643 + x-keV
level. Hence, the data points to a 2461-keV (13−) state, which
decays by 743-keV E3 and 486-keV M2 transitions. The
strength of the E3 transition of 0.147(17) W.u. is similar to the
B[E3;(19−) → (16+)] = 0.3 W.u. transition strength observed
in 94Pd [17].

III. DISCUSSION

The standard shell-model approach to nuclei “southwest” of
100Sn employs empirically fitted interactions in the (p1/2, g9/2)
proton (π )-neutron (ν) model space (GF) assuming a 76

38Sr38

core [18–20]. As this model space does not allow calculation of
M2 and E3 γ -ray transition strengths an extension including
the πν(p3/2, f5/2) orbits below Z = N = 38 is necessary.
Recently the GF space was extended to the πν(f5/2, p, g9/2)
space FPG [17] by implementing the GF two-body matrix
elements (TBME) [18] with realistic interaction TBME ob-
tained from the CD-Bonn nucleon-nucleon potential [21]. To
the latter, core polarization corrections were applied assuming
a 56

28Ni28 core following the many-body approach of Ref. [22].
Details of tuning to experimental single-particle energies and
correction to the GF TBME to avoid double counting of
interaction strength are given in Ref. [17]. These approaches,
however, cannot account for core excitations across the
N = Z = 50 shell closure. Therefore, in a third approach
the πν(g, d, s) space GDS with a realistic interaction inferred
according to Refs. [21,22] for a 80

40Zr40 core was used, as
detailed in Refs. [3,16]. However, such a model space cannot
describe odd-parity states.

The model spaces and the respective effective interactions
employed in the present work in the following are denoted
by GF, FPG, and GDS. Shell-model (SM) calculations for GF
and FPG were carried out with the code OXBASH [23] while
the large-scale shell-model (LSSM) results in the GDS space,
allowing for up to 5p-5h excitations (truncation level t = 5),
were obtained with the codes ANTOINE and NATHAN [24,25].
Results are shown in Fig. 6 and Table II. Two sets of effective
charges were used for electric transitions, namely standard
values for large model spaces eπ = 1.5 e, eν = 0.5 e (a) and
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FIG. 6. Experimental and shell-model level schemes for 96
47Ag49. See text for details of the shell-model approaches.

eπ = 1.72 e, eν = 1.44 e (b), which was found to be optimum
for the small GF model space [20]. For magnetic transitions
quenched single-particle gs factors with gs = 0.7 gfree

s were
assumed.

The experimental level scheme is very well reproduced
by the three approaches within their scope and predictive
accuracy. Extension of the GF to the FPG model clearly
improves the positions of the 10+, 11+, and 13− levels.
The LSSM approach accounts very well for positive parity
states and reproduces both the excitation energy and correct
order of the (12-15)+ states including the core-excited isomer.
However, it fails in the correct 17+-19+ sequence which may
be because of details of the interaction. A similar effect was
observed in 98Cd for the 12+-14+ states [16]. Inspection of
the wave functions reveals that the core-excited states in 96Ag
are dominated by neutron excitations across the N = 50 gap.
Therefore, the excitation energy of the isomer is an indirect
measure for the 100Sn N = 50 neutron gap. The extracted
value of 6.70(15) MeV is in fair agreement with the value of
6.46(15) MeV determined for 98Cd [3], which establishes a
robust N = 50 shell closure for 100Sn. The error in the gap size
is an estimate of the systematic uncertainties in the residual
interaction.

Electromagnetic transition rates were extracted using the
half-lives and intensities listed in Tables I and II and the

conversion coefficients of Ref. [26]. The 1.56-μs isomer
can be understood as a yrast trap, where a 15+ state, the
highest spin which can be obtained in the π−3ν−1(g9/2, p1/2)
space, decays by a low-energy E2 γ -ray transition. For
the experimentally nonobserved (15+)→(13+) transition two
values are given in Table II. The experimental observational
limit of 50 keV and the value of 25 keV, below which
the total conversion coefficient increases as α(E2) ∼ E−5

γ ,
which makes the extracted reduced strength independent
from the transition energy. Within these experimental limits
good agreement with the various shell-model approaches is
obtained. The parity-changing transitions, which are forbid-
den in the GF space, are remarkably well reproduced in
the FPG approach if E3 multipolarity is adopted for the
(13−)→(11+) transition. In the extended FPG model space
the fairly large E3 width is because of excitations from the
proton p3/2 orbit across the Z = 38 subshell. The LSSM
results in the GDS space using standard effective charges
account well for transition strengths between even-parity
states including the core-excited (19+) isomer. The agreement
is better than that observed for 98Cd [3]. In contrast to
98Cd, in 96Ag the low-energy (19+)→(17+) E2 dominates
over the direct (19+)→(15+) E4 transition owing to the
larger E2 transition energy and the relative reduced transition
strengths.
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IV. SUMMARY

In summary, three new high-spin isomers with half-lives
of 0.16(3) μs, 1.56(3) μs, and 100(10) μs were discovered in
96Ag. The level scheme of 96Ag was built based on coincidence
analysis. The 0.16(3)-μs isomer was identified as the second
known core-excited isomer in the 100Sn region. The 100(10)-
μs isomer is determined as a decay from a negative-parity state,
giving a second data point for an E3 transition probability
in the region. Shell-model calculations were performed in the
model space πν(p1/2, g9/2, f5/2, p3/2), necessary to reproduce
the observed E3, M2 transition probabilities, proving excita-
tions across the Z = 38 subshell. A large-scale shell-model
calculation within the πν(gds) model space was performed
to study the new data on Z = N = 50 core excitation. The
general features of 96Ag were reproduced, and the excitation

energies and the transition probabilities are well described;
furthermore, the robustness of the 100Sn shell gap is confirmed.
Fine tuning of the residual particle-hole interaction is needed
to reproduce the observed (17+), (19+) level sequence.
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10Universidad de Santiago de Compostela, Santiago de Campostela, Spain
11INFN sezione di Milano, I-20133, Milano, Italy

12Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain
13INRNE, Bulgarian Academy of Sciences, BG-1784 Sofia, Bulgaria
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Heavy neutron-rich nuclei were populated via the fragmentation of a E/A = 1 GeV 208
82Pb beam. Secondary

fragments were separated and identified and subsequently implanted in a passive stopper. By the detection of
delayed γ rays, isomeric decays associated with these nuclei have been identified. A total of 49 isomers were
detected, with the majority of them observed for the first time. The newly discovered isomers are in 204,205

80Hg,
201,202,204,205

79Au, 197,203,204
78Pt, 195,199−203

77Ir, 193,197−199
76Os, 196

75Re, 190,191
74W, and 189

73Ta. Possible level schemes are
constructed and the structure of the nuclei discussed. To aid the interpretation, shell-model as well as BCS
calculations were performed.

DOI: 10.1103/PhysRevC.84.044313 PACS number(s): 29.30.Kv, 23.20.Lv, 25.75.−q, 27.80.+w

I. INTRODUCTION

Low-lying yrast excited states of closed shell and near-
closed shell nuclei provide excellent opportunities to study
specific nuclear orbitals of the nucleus [1]. This is because
the dominant contributions to their wave-functions comes
from only a few nuclear orbits. In the case of nuclei with
a 208

82Pb closed core, there is relatively limited experimental
information available on neutron-rich species. For example,
prior to the present experiment studies on the N = 126

*z.podolyak@surrey.ac.uk

isotones below Z = 82 have been limited to measurements
of excited states in 207

81Tl [2] and 206
80Hg [3–5] and the ground

state of 205
79Au [6].

Moving further from 208Pb, the neutron-rich W-Os-Pt nuclei
are characterized by different shapes in their ground states,
namely prolate, oblate, triaxial, and near N = 126, spherical
shapes. The lighter isotopes are prolate deformed. By adding
more and more neutrons, the shape becomes oblate [7–9]. The
exact place where this change occurs is element dependent.
Shape transitional nuclei are difficult to treat theoretically,
consequently the properties of nuclei in this region are
considered to provide a crucial testing ground for nuclear
models.
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Projectile fragmentation at intermediate and relativistic
energies has proved to be an effective way of populating states
in nuclei far from the valley of stability. The highest sensitivity
is achieved with decay (both internal isomeric-decay and
β-decay) spectroscopy. In this paper, experimental information
obtained on a large number of heavy neutron-rich nuclei
of the elements Ta→Tl (Z = 73 → 81) is presented. The
experiment, performed in 2006, was part of the RISING
stopped-beam campaign [10].

II. EXPERIMENTAL TECHNIQUE

An E/A = 1 GeV 208
80Pb+67 beam was delivered by the

GSI UNILAC and SIS-18 accelerator complex. The beam
was fragmented on a Be target of thickness 2.526 g/cm2.
The target was backed by a 0.223 g/cm2-thick Nb foil, to
optimize electron stripping of the outgoing fragments. The
nuclei of interest, populated via fragmentation processes,
were separated and identified using the fragment separator
(FRS) [11]. The FRS was operated in standard achromatic
mode. The matter at the midfocal plane of the FRS consisted
of a 4.9 g/cm2 Al degrader, followed by a 0.35 g/cm2

scintillation detector used for time-of-flight (TOF) and position
measurements, and another Nb foil (0.108 g/cm2 thick) to
maximize electron stripping.

At the final focal plane of the FRS, a series of detectors
characterized the beam. The nuclei passed through two multi-
wire detectors for position measurements; two multi sampling
ionization chamber (MUSIC) detectors to measure the rate of
energy loss of particles, �E (∝Z2); and three scintillation
detectors, for timing, position, and energy measurements. A
variable thickness homogeneous Al degrader was used to slow
down the beam particles, which were finally implanted into a
passive plastic stopper. A schematic view of the experimental
setup is shown in Fig. 1. The scintillation detectors placed in
front of and behind the catcher allowed the offline suppression
of the majority of fragments undergoing secondary reactions
in the slowing-down process or those which were not stopped
in the catcher.

The catcher was surrounded by the high-efficiency, high-
granularity stopped RISING γ -ray spectrometer [10,12],
which has a full-energy peak efficiency of 15% at 662 keV.
Time-correlated γ decays from individually identified ions

have been measured, allowing unambiguous identification of
isomeric decays.

Multiple electronic branches recorded the time of emission
of γ rays. XIA digital γ finder (DGF) modules recorded γ -ray
information with 25-ns resolution for up to 380 μs following
implantation. Two other timing circuits were also used. These
are termed the short-range (SR) timing circuit, operating with
0.293-ns resolution for an effective 850 ns and long-range
(LR) circuit, operating with 0.7629-ns resolution for 100 μs
following implantation. The use of the short-range timing
is advantageous in the case of short-lived isomeric decays
(<300 ns).

From synthesis of the fragmentation products at the target
to implantation in the stopper approximately 300 ns elapsed.
During this in-flight period, electron conversion branches of
excited states were suppressed by the high degree of ionization
of the nuclei. This had the effect of extending the half-life
of the excited states for the in-flight period. Therefore, the
experiment was sensitive to the decay of metastable states that
are transmitted through the FRS and then decayed in the 380 μs
following implantation. In general, this experimental setup can
measure isomers with half-lives in the range 10 ns–1 ms.

During the experiment, nine different magnetic rigidity
settings of the FRS were used. The results from six of these,
dealing with heavy neutron-rich nuclei, are presented in this
paper. In these cases, the magnetic rigidities were set to
transmit fully stripped ions of 206Hg, 203Ir, 202Os, 199Os,192W,
and 185Lu. An average of 20 h of beam time was dedicated to
each setting, with a primary beam intensity of ∼109 ions/22 s
spill. Details summarizing which species and how many nuclei
were implanted during the experiment are information given in
Ref. [13], with a more detailed breakdown of this information
is given in the PhD thesis [14]. The other three settings,
centered at 188

82Pb, 186
82Pb, and 147

64Gd [15,16], aimed at the study
of the fragmentation reaction mechanism, and in particular the
angular momentum population probability [17].

As a first step in the identification of the nuclei, a charge
state selection had to be performed. Charge state calculations
with the GLOBAL code [18] show that when exiting the Be/Nb
target approximately 94% of the fragmentation products of
interest were fully ionized (i.e., q = Z, also referred to as
“fully stripped”) and that the remaining 6% had one electron
bound to the nucleus (q = Z − 1, referred to as being in a
“H-like” charge state). Following energy losses at the midfocal

FIG. 1. Schematic of the fragment separator including the used detectors. For details see the text.
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FIG. 2. (Color online) Charge state selection for the 192W setting.
The change in the magnetic rigidity at the mid-focal plane, �Bρ,
is plotted against �E (∝ Z2) at the final focal plane measured by
the MUSIC detectors. Changes in charge state are identified by the
diagonally correlated data.

plane, 77% of the beam was fully stripped of electrons, 22%
was in a H-like state, and 1% was in a He-like state (q =
Z − 2). The matrix energy loss at the final focal plane versus
change in magnetic rigidity, �Bρ (∝q2), at the intermediate
focal plane can be used for charge state selection (see Fig. 2).
This distinguishes nuclei that do not change charge state in the
middle of the FRS (approximately all �q = 0 correspond to
q = Z for the entire FRS flight time) from those which pick
up one or two electrons (�q = −1 and �q = −2) or lose one
electron (�q = +1).

The identification plot corresponding to the 192
74W setting

is shown in Fig. 3. The analogous pictures for the 203
77Ir and

199
76Os settings can be found in Refs. [19,20], respectively.

All identification plots are available in Ref. [14]. Each

FIG. 3. (Color online) Identification plot for the FRS setting
centered on 192

74W. The four figures correspond to different charge
state combinations through the fragment separator.

FIG. 4. (Color online) Rate of energy loss of identified beam
nuclei before (�E MUSIC41) and after (�E Sci42) the homogeneous
degrader at the final focal plane. The closed line encompasses those
nuclei that did not react during the slowing down process.

identification plot has been confirmed by the observation of
γ -ray transitions following the decay of previously reported
isomers.

Following their identification, the nuclei were slowed down
in the homogeneous Al degrader, before being implanted in a
passive stopper. In the degrader, the ions were slowed down
from an energy of E/A ∼ 400 MeV to E/A < 100 MeV. In
the slowing-down process, a number of the nuclei of interest
were lost due to reactions in the degrader. A comparison of
a �E measurement by a MUSIC chamber located upstream
from the degrader and one made by the scintillation detector
placed immediately following the degrader (Sci42) identifies
nuclei that react inside it (see Fig. 4). The latter are removed
from further analysis. It was found that ≈18% of the nuclei
react at this stage.

In the 206
80Hg, 203

77Ir, and 202
76Os settings, the selected beam

nuclei were implanted in a 7-mm-thick perspex stopper. For
the other three settings, a 9-mm-thick perspex stopper was
used. One final scintillation detector (Sci43), placed after the
stopper, acted as a veto on events where particles were detected
after the stopper, this accounted for ≈0.2% of the identified
nuclei.

As each nucleus decelerates and comes to a halt in the
stopper, bremsstrahlung is emitted, causing the so-called
“prompt flash” [21,22]. The prompt flash is measured to have a
FWHM ∼ 20 ns when using the SR devices at γ -ray energies,
Eγ > 500 keV; this width includes the uncertainty associated
with synchronizing the independent time circuits of the 105 Ge
crystals. Isomers with half-lives comparable to this width are
subject to a large background contribution.

III. RESULTS

The analysis of the data collected in this experiment
has identified 49 isomers in 39 nuclear species between Ta
(Z = 73) and Tl (Z = 81). The nuclei with isomeric states
are indicated in Fig. 5 and the experimental observables are
summarized in Table I. The experimental observables include
the intensity of the γ rays, the isomeric lifetime, and the
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FIG. 5. (Color online) Section of the nuclide chart indicating the nuclei studied in the present experiment. The figure shows the nuclei with
observed isomers as well as the nuclei with knowledge on excited states prior to the present experiment.

isomeric ratio. Of the observed isomers, 20 have been already
reported prior to performing the described experiment and 29
were observed for the first time.

An isomeric ratio is defined as the number of times a
nuclide is populated in an excited state that decays through
a given isomer, divided by the total number of times that the
nuclide has been populated. A detailed explanation of how
this is determined is given in Ref. [23]. Where more than one
isomer has been observed in a nucleus, the isomeric ratio of
the lower-lying isomer is inclusive of any feeding from the
higher-lying isomer. If the same nucleus was transmitted in
different settings and in different charge states, the isomeric
ratios were determined for each charge-state combination
separately. The final values are given in Table I. Isomeric
states often decay via low-energy highly converted unobserved
transitions. Without knowing the energy of the decaying
transition, one cannot calculate how many of them decay
while flying through the fragment separator. Therefore, only a
lower isomeric ratio limit could be determined in these cases,
assuming no decays (infinite conversion electron coefficient)
during flight through the FRS.

A. Theoretical calculations

We performed shell-model calculations on the nuclei in
the vicinity of 208Pb. The OXBASH code [24] was employed.
The model space considered consisted of the proton orbitals
3s1/2, 2d3/2, 1h11/2, 2d5/2, and 1g7/2 below the Z = 82 closed
shell and the neutron orbitals 3p1/2, 2f5/2, 3p3/2, 1i13/2,
2f7/2, and 1h9/2 below the closed N = 126 shell. Except

for 202Au, where the πg7/2 and νh9/2 orbitals were kept
filled, no further truncation was applied. Therefore, no core
excitations across the 208Pb double-shell closure are allowed.
The single proton-hole and neutron-particle energies are taken
from the experimental spectra of 207Tl and 207Pb, respectively.
The two-body interaction matrix elements (TBMEs) are from
Ref. [25]. They are based on the Kuo-Herling interaction [26]
including core polarization, with decisive elements adjusted to
the experimental data available at the time. We shall refer to
this as the standard parametrization.

In addition to the aforedescribed standard parametrization,
a modified parametrization was also used. These modifications
were introduced to get better agreement between theory and
experiment for the new 204Pt and updated 206Hg data [5]. As
explained in Ref. [19], the Rydström interaction [25] was
modified in three points: (i) the (d3/2 h11/2)7− TBME was
increased by +135 keV as needed for 206Hg; (ii) the (s1/2

d5/2) monopole was increased by +230 keV, which accounts
for the 4+ level energy in 204Pt and the increased blocking of
the h11/2 ⊗ 3− coupling lowering the effective d5/2 single hole
energy; (iii) following a systematic search of the influence of
nondiagonal TBME on the E2 strength evolution from 206Hg
to 204Pt, the (s1/2 h11/2;d3/2 h11/2)6− TBME was changed to
+160 keV, close to the value for the corresponding 5− TBME.

Here we examine whether these modifications needed
by 204Pt and 206Hg improve the predictive power of the
calculations for other nuclei in the region. This is espe-
cially important, since such shell-model calculations are used
to predict the properties of the N = 126 r-process path
nuclei [27].
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TABLE I. Summary of the observed isomeric states. Half-lives
and isomeric ratios, as well as γ -ray energies and relative intensities
are given. For details see the text.

Nucleus, Iπ , T1/2, IR (%)
Eγ (keV) Iγ

206Tl, Iπ = (5)+ [30], T1/2 = 71(4) ns, IR = 14.2+21
−32

265.4 89(6)
452.9 90(6)
685.8 100(7)
206Hg, Iπ = (10+) [30], T1/2 = 112(4) ns, IR = 2.2+7

−8

100.9 3(3)
363.4 21(1)
1156.3 28(1)
1257.2 8(1)
206Hg, Iπ = 5− [30], T1/2 = 2.09(2) μs, IR = 21.9+12

−29

1033.7 100(2)
1068.0 99(2)
205Hg, Iπ = (23/2−), T1/2 = 5.89(18) μs, IR = 3.3+2

−4

227.6 8(1)
722.6 11(1)
810.0 100(3)
950.2 87(3)
205Hg, Iπ = 13/2+, T1/2 = 1.09(4) ms [36], IR = 20.5+25

−40

378.9 37(2)
967.0 10(2)
1014.7 33(2)
204Hg, Iπ = (14+), T1/2 = 20(2) ns, IR < 10
422.7 35(7)
597.2 100(14)
964.8 61(14)
1013.9 30(15)
204Hg, Iπ = 7− [38], T1/2 = 6.7(5) ns [38]
436.6 59(10)
691.8 36(9)
1062.7 36(10)
203Hg, Iπ = (13/2+) [39], T1/2 = 21.9(10) μs, IR = 11.8+11

−20

341.0 57(2)
591.1 100(3)
205Au, Iπ = (19/2+), T1/2 = 163(5) ns, IR = 6.5+10

−15

34.2 –
243.4 4(2)
736.9 39(2)
928.3 23(2)
946.1 94(4)
962.5 100(5)
962.5 11(4)
980.2 24(2)
1171.5 32(2)
204Au, Iπ = (16+), T1/2 = 2.1(3) μs, IR = 0.6(2)
839.0 100(15)
976.6 93(15)
203Au, Iπ = 11/2−, T1/2 = 140(44) μs, IR = 2.5+8

−10

562.8 100(6)
202Au, Iπ = unknown, T1/2 = 13.1(5) ns
137.8 21(21)
414.2 100(5)

TABLE I. (Continued)

Nucleus, Iπ , T1/2, IR (%)
Eγ (keV) Iγ

201Au, Iπ = 11/2−, T1/2 = 340+900
−290μs, IR = 13+36

−11

553 100(51)
201Au, Iπ = unknown, T1/2 = 5.6(24)μs, IR = 5(3)
378.2 58(17)
638.0 100(34)
204Pt, Iπ = (10+), T1/2 = 146(14) ns, IR = 9.2+25

−32

96.1 2(2)
1060.8 20.7(11)
1157.5 3.7(5)
204Pt, Iπ = (7−), T1/2 = 55(3) μs, IR = 27+7

−9

<78.4 –
204Pt, Iπ = (5−), T1/2 = 5.5(7) μs, IR = 40+17

−20

872.4 100(2)
1122.7 97(2)
203Pt, Iπ = (33/2+), T1/2 = 641(55) ns, IR = 1.3(2)
1104.0 100(8)
202Pt, Iπ = 7− [67], T1/2 = 141(7) μs, IR = 12+1

−2

534.3 95(2)
534.3 95(2)
718.8 100(3)
201Pt, Iπ = (25/2−, 27/2−), T1/2 = 18.4(13) ns, IR � 4(2)
353.6 76(6)
373.9 80(5)
726.9 100(6)
200Pt, Iπ = (12+) [68], T1/2 = 13.9(10) ns, IR � 2(1)
318.4 16(2)
542.5 17(2)
708.6 22(3)
200Pt, Iπ = 7− [68], T1/2 = 17.0(5) ns, IR � 7(4)
298.9 8(2)
397.5 8(2)
401.0 8(2)
463.6 72(3)
470.1 87(3)
633.0 100(4)
199Pt, Iπ = (25/2−, 27/2−), T1/2 = 18.6(34) ns, IR � 5(3)
318.9 84(19)
419.6 86(15)
597.4 100(15)
198Pt, Iπ = 7−,T1/2 = 3.4(2) ns [47]
382.0 54(16)
407.2 100(29)
577.8 65(25)
197Pt, Iπ = (25/2−, 27/2−), T1/2 = 10.2(13) ns, IR � 5(2)
374.5 100(12)
432.2 72(14)
546.9 66(12)
203Ir, Iπ = (23/2+), T1/2 = 798(350) ns, IR = 5+3

−4

207.0 18(8)
841.3 73(21)
894.7 100(25)
202Ir, Iπ = unknown, T1/2 = 3.4(6) μs, IR = 0.7+2

−3

311.5 41(13)
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TABLE I. (Continued)

Nucleus, Iπ , T1/2, IR (%)
Eγ (keV) Iγ

655.9 54(17)
737.2 100(29)
889.2 51(17)
967.6 44(15)
201Ir, Iπ = unknown, T1/2 = 10.5(17) ns, IR � 3(2)
439.6 39(9)
452.0 51(9)
680.9 100(13)
200Ir, Iπ = unknown, T1/2 = 17.1(12) ns, IR = 22(12)
120.0 30(2)
200Ir, Iπ = unknown, T1/2 = 28.5(15) ns, IR = 3.5(14)
126.6 100(3)
199Ir, Iπ = unknown, T1/2 = 8.9(5) ns,
448.5 100(7)
500.2 67(5)
500.2 14(1)
547.2 82(7)
596.6 38(6)
198Ir, Iπ = unknown, T1/2 = 73(11) ns, IR = 5(4)
116.4 100(17)
195Ir, Iπ = unknown, T1/2 = 4.4(6) μs, IR = 1.1+2

−3

268.4 76(19)
404.4 90(30)
476.7 61(28)
537.8 96(29)
566.7 100(30)
199Os, Iπ = unknown, T1/2 = 25.2(20) ns, IR � 1.4(7)
379.3 57(18)
401.8 100(19)
424.8 49(13)
736.5 47(25)
970.6 48(28)
198Os, Iπ = (12+), T1/2 = 18.0(28) ns, IR � 0.4(2)
446.8 11(2)
526.9 10(2)
544.0 6(2)
198Os,Iπ = (7−), T1/2 = 16.1(8) ns IR � 5(3)
329.9 27(3)
412.1 16(3)
465.4 100(4)
473.1 13(2)
607.3 80(4)
608.2 80(4)
885.6 19(3)
197Os, Iπ = (25/2−, 27/2−), T1/2 = 78.2(66) ns, IR = 4(2)
204.4 62(12)
415.9 92(9)
486.5 100(10)
628.8 96(11)
195Os, Iπ = (25/2+, 29/2−), T1/2 = 34.0(23) ns, IR � 2.4(8)
438.6 100(11)
493.0 73(10)

TABLE I. (Continued)

Nucleus, Iπ , T1/2, IR (%)
Eγ (keV) Iγ

533.1 73(10)
714.0 90(12)
193Os, Iπ = unknown, T1/2 = 132(29) ns, IR � 7(4)
242.0 100(26)
196Re, Iπ = unknown, T1/2 = 3.6(6) μs
x rays –
194Re, Iπ = unknown, T1/2 = 45(18) μs, IR = 5(3)
86.3 100(25)
193Re, Iπ = (9/2−), T1/2 = 65(9) μs, IR = 16+4

−5

145.2 100(11)
192Re, Iπ = unknown, T1/2 = 85(10) μs, IR = 3(1)
159.3 100(9)
191Re, Iπ = unknown, T1/2 = 77(33) μs
134.5 42(11)
139.9 40(11)
158.3 57(13)
224.6 100(19)
418.5 65(18)
443.7 42(15)
191W, Iπ = unknown, T1/2 = 0.36(2) μs
67.5 100(25)
167.4 50(10)
190W, Iπ = unknown, T1/2 = 0.35(4) μs
x rays –
190W, Iπ = (8+), Iπ = (10−) [64], T1/2 = 108(9) μs
206.8 81(10)
358.3 92(10)
484.3 100(11)
694.0 71(10)
189Ta, Iπ = unknown, T1/2 = 0.58(22) μs
153.9 100(19)
283.7 73(17)
342.5 47(13)
388.7 80(19)
481.6 97(21)
188Ta, Iπ = unknown, T1/2 = 3.5(4) μs, IR = 8(2)
291.9 100(7)

Shell model calculations with both the standard and the
modified parametrization have been performed for all cases.
As the changes involve only proton orbitals, the energy spectra
of both calculations are presented only for the N = 126 nuclei.
In N < 126 nuclei, the differences in the energy spectra are
generally small and only the energy spectra of the modified
parametrization are given. Transition rates were calculated
using effective operators as listed in Table II. The effective
charges and g factors were adjusted to transitions in the one-
and two-hole neighbors of 208Pb. The measured transition
strengths are compared with both shell model calculations
for all nuclei for which such calculations could be performed
(see Table II).
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TABLE II. Experimental and calculated transition strengths. Both the calculated Rydström [25] shell model (SM)standard and the new TBMEs
(SMmod) values are given. The following effective operators were used: eπ = 1.5e and eν = 0.85e for E2 and E5 transitions, eπ = 2.0e and
eν = 2.5e for E3 and E4 transitions, gs = 0.7gfree

s for M1 and M2 transitions, and gs = 0.35gfree
s for M4. See the text for details.

Nucleus Transition B(EL) (W.u.)

exp. SMstandard SMmod

206Hg B(E3 : 10+ → 7−) 0.25(3) [5] 0.17 0.21
206Hg B(E2 : 10+ → 8+) 0.94(15) [5] 0.87 0.87
206Hg B(E3 : 5− → 2+) 0.18(2) [5] 1.17 0.90
205Au B(E3 : 19/2+ → 13/2−) 0.3(1) 0.004 0.02

or
B(E3 : 19/2+ → 15/2−) 0.3(1) 1.0 1.10

205Au B(E2 : 19/2+ → 15/2+) 1.2(2) 2.99 1.70
205Au B(M4 : 11/2− → 3/2+) �1.7(7) [34] 1.92 2.46
204Pt B(E3 : 10+ → 7−) 0.19(3) 0.21 0.21
204Pt B(E2 : 10+ → 8+) 0.80(8) 2.64 1.22
204Pt B(E2 : 7− → 5−) 0.017+ →0.0034a 1.21 0.0037
204Pt B(E3 : 5− → 2+) 0.039(5) 0.713 0.612
203Ir B(E2 : 23/2+ → 19/2+) 0.020(9) 3.58 0.013

or
B(E3 : 19/2+ → 15/2−) 1.3(6) 0.39 0.44
or
B(E3 : 19/2+ → 13/2−) 1.3(6) 0.144 0.50

205Hg B(E3 : 23/2− → 17/2+) 0.10(1) 1.80 1.34
205Hg B(M2 : 23/2− → 19/2+) 8(1)×10−5 0.008 0.009
205Hg B(E3 : 13/2+ → 7/2−) 1.14(7) [36] 3.50 3.38
205Hg B(M2 : 13/2+ → 9/2−) 4.7(3)×10−4 [36] 0.03 0.03
204Au B(M2 : 16+ → 14−) 4.7(8)×10−4 3.5 × 10−4 21 × 10−4

or
B(E3 : 16+ → 14−) 0.28(5) 0.80 0.83

203Pt B(E3 : 33/2+ → 27/2−) 0.38(4) 0.30 0.32
203Hg B(M2 : 13/2+ → 9/2−) 0.0457(21) 0.05 0.045
203Au B(M2 : 11/2− → 7/2+) 0.03(2) 0.035 0.034
202Pt B(E3 : 7− → 4+) 0.268(13) 0.09 0.058

aAssuming a transition energy between 10 → 78 keV.

In the case of deformed nuclei, multi-quasi-particle calcu-
lations were performed with a BCS blocking code [28]. The
deformation parameters were taken from Ref. [29].

B. N = 126 nuclei

Isomeric decays were observed in four N = 126 nuclei:
206Hg, 205Au, 204Pt, and 203Ir. The associated delayed γ -ray
spectra are shown in Fig. 6.

Previously, experimental information existed only on the
excited states of 206Hg, where two isomeric states were
identified. These are an Iπ = 5−, T1/2 = 2.15(21) μs state
[3–5,30] and an Iπ = (10+), T1/2 = 92(8) ns state [5,30],
which has 100% feeding to the lower-lying isomer. Our
measured half-lives of T1/2 = 2.09(2) μs and T1/2 = 112(4)
ns agree with the previously published values. The determined
isomeric ratios, given in Table I, are in fair agreement with
the predictions of two nucleon removal reaction theory, as
discussed in Ref. [31]. In addition, the dependence of the
isomeric ratio of the 5− state on the transferred longitudinal

momentum was compared with the theoretical calculations
[32].

In 205Au, an isomeric state with T1/2 = 163(5) ns was
observed. In 204Pt three isomeric states with half-lives of
146(14) ns, 55(3) μs, and 5.5(7) μs were identified. The
data on these nuclei have already been discussed in detail
in Refs. [19,20], respectively.

In the case of 203
77Ir two γ -ray transitions were observed,

with energies of 841 and 895 keV. The half-life of the isomer
is measured to be T1/2 = 0.8(4) μs. There is a candidate for a
third γ -ray transition with 207 keV energy.

The shell-model predictions and interpretation of exper-
imental data are presented in Fig. 7. In the case of 204Pt
[19], based on similarities with 206Hg as well as shell model
predictions, the three isomeric states were interpreted as Iπ =
(5−), (7−), and (10+) with πh−1

11/2s
−1
1/2, πh−1

11/2d
−1
3/2, and πh−2

11/2
predominant configurations, respectively.

In 205Au, the yrast structure has been established up to
spin-parity (19/2+) via the observation of the decay of an
isomeric state with configuration π (h−2

11/2)10(s−1
1/2) (for details

see Ref. [20]). This isomer feeds into the long-lived 11/2− state

044313-7



S. J. STEER et al. PHYSICAL REVIEW C 84, 044313 (2011)

FIG. 6. Delayed γ -ray energy spectra for N = 126 nuclei. Background peaks are indicated by �. The peaks indicated by ◦ belong to the
nucleus of interest, but originate from a different isomeric state than that for which the time limits of the γ spectrum are optimised. Inset spectra
are time curves associated with the decay of the observed isomers. The transitions used to measure half-lives are indicated in the time spectra.
For 203Ir, the inset presents an expanded γ -ray energy spectrum to highlight the observed energy peaks.

with πh−1
11/2 configuration. This latter state has been identified

and its lifetime measured in a later RISING experiment using
an active Si stopper [33], by observing the conversion electron
associated with the πh−1

11/2→πd−1
3/2 transition [34]. The higher-

lying, 19/2+, isomer decays into the yrast 15/2+ state by a
low-energy E2 transition. In addition, it decays by a 963 keV
transition into a state that can have spin-parity of either 13/2−
or 15/2−. The shell-model calculations predict that even if it
is 15/2−, the transition will have predominantly E3 character

with only a very small, ∼10−5 W.u., M2 admixture. The 15/2+
state decays by three high-energy transitions to states with
Iπ = (13/2−, 15/2−).

In 203Ir, similarly to 205Au, the observed isomeric state is
expected to decay into the 11/2− long-lived level. The isomer
is likely to have a spin in the 19/2–23/2 range. There are
two possible scenarios. One is that the isomer is similar to
that in 205Au, so has Iπ = 19/2+ and it decays to the 15/2+

state by a low energy E2 transition. Alternatively, the isomer
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FIG. 7. Experimental and calculated partial level schemes of the N = 126 206Hg [5], 204Pt, 205Au and 203Ir nuclei. Arrow widths denote
relative intensities of parallel decay branches. The dominant state configurations are indicated. Theory (a) represents calculations using the
Rydström matrix elements, while (b) are with the modified ones, as described in the text.

has Iπ = 23/2+ and it decays to the 19/2+ state, possibly
via the 207 keV tentative γ -ray transition. In this case, the
19/2+ state is most likely isomeric as well, decaying by a
strong E3 into either a 13/2− or 15/2− state. Based on the
shell-model calculations, we are inclined toward this second
scenario. The existence of two isomeric states would explain
the lower intensity of the tentative 207 keV transition. The
transition strength was determined assuming the same half-life
for both metastable states (Table II).

We compare the standard and the modified shell model
calculations with the experimental data, with the energy
spectra presented in Fig. 7, and with the reduced transition
strengths in Table II. The main differences are: (i) the modified
shell model gives a better description of the decay of the long-
lived 11/2− isomer in 205Au. According to the calculations,
the isomer should decay via an E3 transition into the yrast
5/2+ state with a partial half-life of the order of ∼0.1 s. This
is contradicted by the experiment as the measured half-life is
much longer [34]. The 5/2+ state cannot be as low as predicted
by the standard shell model, it is likely that it lies above
the 11/2− state; (ii) the B(E2 :19/2+ → 15/2+) transition
strength in 205Au is described much better by the modified
shell model; (iii) in 203Ir the modified shell-model gives a low
B(E2) transition strength for the transition depopulating the
isomer, in agreement with the experiment. (iv) the modified
shell model calculation predicts a much longer half-life (when
compared with the standard calculations) for the 11/2− state
in 203Ir. However, in this case we do not have experimental
information. Based on the above evidence, (i), (ii), and (iii)
we conclude that the modifications of the shell-model TBMEs
improve the description of the odd-A 205Au and 203Ir nuclei.

C. N = 125 nuclei

Isomeric decays were observed in five N = 125 nuclei:
206Tl, 205Hg, 204Au, 203Pt, and 202Ir. The corresponding delayed
γ -ray spectra are shown in Fig. 8.

Two of the observed isomers and their decay have been
reported previously. These are the Iπ = (5)+, T1/2 = 78(1) ns
[30,35] isomeric state in 206Tl, and the Iπ = 13/2+, T1/2 =
1.09(4) ms [36] isomer in 205Hg. The lifetime of T1/2 =
71(4) ns for 206Tl measured in the present experiment agrees
with the published value. We could not determine the half-life
of the above mentioned isomeric state in 205Hg since our
correlation time, 85 μs in this case, was much shorter than
the lifetime.

In 205Hg a previously unreported isomer has also been
detected. Transitions with energies of 228, 723, 810, and
950 keV have been observed. The isomer has a lifetime
of T1/2 = 5.89(18) μs. Time differentiated γ -γ coincidence
analysis proves that this newly discovered isomer feeds the
previously observed Iπ = 13/2+ isomer. Within experimental
uncertainties the sum of the energies of the 228 and 723 keV
transitions is equal to the 950 keV transition, indicating that
these are parallel decay pathways, which was confirmed by
γ -γ coincidence analysis. All these three transitions are in
coincidence with the 810 keV line.

In 204Au excited states have been observed for the first time.
Transitions are detected at the energies 839 and 977 keV. The
half-life of the isomer is T1/2 = 2.1(3) μs. There are other,
tentatively identified γ -ray transitions at energies of 97, 277,
427, and 704 keV [14]. We note that recently the β decay of
204Pt was studied and γ rays belonging to 204Au, with energies
of 165 and 305 keV, in mutual coincidence, were reported [37].

In 203Pt, one transition has been identified, with an energy
of 1104 keV and associated half-life of T1/2 = 641(55) ns.

In 202Ir, no experimental observation was available prior to
this work. γ rays with energies of 312, 656, 737, 889, and
968 keV and Ir K x rays were detected. A parallel decay
branch is likely as the sum of the energy of the 312 and
656 keV transitions is equal to 968 keV, within experimental
uncertainties. The half-life of the isomer is determined to be
T1/2 = 3.4(6) μs.

The experimental and calculated level schemes of the
N = 125 nuclei are shown in Fig. 9. In 205Hg, the low
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energy part is dominated by single-neutron orbitals. The
p1/2, f5/2, p3/2, and i13/2 neutron holes are associated with
the 0, 379, 468, and 1556 keV states. The latter one is
isomeric. All the yrast states above 2 MeV must involve at
least three unpaired holes. The calculations suggest that the
23/2− state should be isomeric and decaying into the yrast
17/2+ and 19/2+ states. The 23/2− and 19/2+ states have
predominant π (s−1

1/2h
−1
11/2)5−νi−1

13/2 and π (d−1
3/2h

−1
11/2)7−νf −1

5/2

configurations, respectively, while the 17/2+ state

has a leading π (s1/2, d3/2)−22+νi−1
13/2 configuration.

Therefore, the parity changing M2 and E3 transitions
will be hindered as they proceed via minority components in
the wave functions. We associate these decay out transitions
with the observed 950 and 723 keV γ rays. Assuming that
both transitions are stretched, the deduced transition strengths
are B(E3; 950 keV) = 0.10(1) W.u. and B(M2; 723 keV) =
8(1)×10−5 W.u. The E3 transition is mediated by the
πh11/2 → πd5/2 conversion; i.e., the weak d5/2 content in

FIG. 8. Delayed γ -ray spectra for N = 125 nuclei. Background peaks are indicated by �, transitions arising due to contaminant nuclei are
indicated by, �. The peaks indicated by ◦ belong to the nucleus of interest, but originate from a different isomeric state than that for which the
time limits of the γ spectrum are optimised. Inset spectra are time curves associated with the decay of the observed isomers. The transitions
used to measure half-lives are indicated in the time spectra.
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FIG. 9. Calculated and experimental level schemes for N = 125 nuclei 205Hg, 203Pt, 204Au and 202Ir. The experimental level scheme below
the 13/2+ isomer in 205Hg, as well as its half-life is from Ref. [36].

the wave function of the final state is crucial. Analogue
E3 transitions with similar transition strengths have been
observed in the N = 126 nuclei 204Pt, 205Au, 206Hg (see
Table II), supporting our interpretation.

The level schemes of 203Pt and 205Hg are expected to be very
similar, as shown by the calculated level schemes of Fig. 9.
The obvious difference is that the negative parity three-hole
states (involving the πh11/2 orbital) are at lower excitation
energy in 203Pt, which is analogous with the 204Pt–206Hg case.
The interpretation of the sole 203Pt γ ray observed in the
experiment is far from straightforward. Its submicrosecond
lifetime indicates that this transition cannot be associated with
the predicted νi−1

13/2 13/2+ isomer. Similarly, the lifetime of

the predicted 27/2− state (νi−1
13/2πh−1

11/2d
−1
3/2) should be much

longer than the measured one and should decay through a
cascade of observable transitions. Most likely the observed
1104 keV transition populates this predicted long-lived 27/2−
isomeric state. The shell model suggests that the observed
1104 keV transition is the transition connecting the yrast 33/2+
isomeric state with the much longer lived 27/2−. The transition
strength, B(E3) = 0.38(4) W.u., is in line with other octupole
transitions in the region. The determined isomeric ratio of
1.3(2)% is low, as expected for high-spin isomers.

In the odd-odd 204Au and 202Ir nuclei, the shell model
predicts isomers with spin-parity 12− and possibly 5+. The 5+
is expected to be very short lived, no longer than its counterpart

in 206Tl with T1/2 = 78 ns (it decays via a hindered E1, and E1
transitions are forbidden in the used shell-model space). On
the other hand, the 12− state with πh−1

11/2νi−1
13/2 configuration

should have a much longer lifetime than the observed μs
isomers, because it has to decay by E3/M4 transitions (in
206Tl it has T1/2 = 3.74 min). Consequently, it is likely that
the observed transitions feed the long-lived 12− isomer, again
a spin trap. The observation of γ rays with similar intensity at
600–1000 keV supports this interpretation, as the 12− and 5+
isomers should have very different decay patterns. In 204Au, it
is most likely that the two observed transitions correspond
to the decay of the 16+ isomer into the 14− state via an
M2 + E3 and a consequent E2 into the long-lived 12− state.
The ordering of the two transitions cannot be determined
from the experiment and is guided by the shell model
calculations. Assuming a stretched M2 decay from the 16+
isomer, the transition strength is B(M2; 977 keV) = 5(1)×10−4

W.u.; assuming a stretched E3, the transition strength is
B(E3; 977 keV) = 0.28(5) W.u. We note that the very low
isomeric ratio, below 1%, supports the idea of the high-spin
isomer.

In 202Ir, the shell model predicts the same isomeric states
and decay patterns as in its 204Au isotone. Due to the
larger number of observed transitions, we cannot suggest an
experimental level scheme. The isomeric ratio is below 1% in
this case as well, suggesting that the isomer has a high spin.
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FIG. 10. Gamma-ray spectra for Hg and Au nuclei with N < 125 measured in the described experiment. Background peaks are indicated
by �. Inset spectra are time curves associated with the decay of the observed isomers. The transitions used to measure half-lives are indicated
in the time spectra.

We note that the transition strengths calculated with the
two shell model parametrizations are close to each other for
the N = 125 nuclei(Table II).

D. 204,203
80Hg and 203,202,201

79Au

Delayed γ -ray spectra associated with 204,203Hg and
203,202,201Au are shown in Fig. 10.

In 204Hg, in addition to the transitions depopulating a very
short lived Iπ = 7−, T1/2 = 6.7(5) ns [38] isomeric state,
new γ lines were identified at 597, 965, and tentatively at
423 and 1014 keV (note that a 423 keV line is known to
decay into the 7− isomeric state [38]). These have equal

half-lives within experimental uncertainties, T1/2 = 20(2) ns.
The effective half-life of the transitions depopulating the 7−
isomer (437, 692, and 1063 keV) is 38(8) ns (see Fig. 10),
longer than the real half-life of this metastable state. This
suggests that the newly identified transitions decay into the
previously known isomer. The proposed level scheme is shown
in Fig. 11. Shell model calculations predict a 14+ isomeric
state decaying via a low-energy E2 transition. Due to the low
statistics, we cannot establish the decay sequence from this
higher-lying isomeric state.

In 203Hg, the previously reported Iπ = (13/2+) νi−1
13/2

isomer [39] has been observed in the present work (see Fig. 11).
The half-life is measured to be T1/2 = 21.9(10) μs, which is
consistent with and more accurate than the accepted value of
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FIG. 11. Level schemes of 204Hg, 203Hg [39], 203Au, 201Au and 202Au. The low-lying levels up to the 7− isomer in 205Hg [36] and the
energies of the 11/2− isomeric states in 203,201Au [39,42] are taken from the literature.

T1/2 = 24(4) μs. The isomer decays by an M2 transition with
B(M2) = 0.0457(21) W.u. strength, which is reproduced by
the shell model (see Table II).

In 203
79Au124, Caamaño et al. [40] identified a single tran-

sition (563 keV) with a half-life of 40+7000
−20 μs. Our half-life,

T1/2 = 140(44) μs, is consistent with and more precise than the
published value. The error bars are large because in this case
the γ -ray correlations following implantation were limited to a
maximum time of 85 μs. Nevertheless, the improved lifetime
measurement is the key to the interpretation of this decay
(Fig. 11). It is expected that the πh−1

11/2 state is isomeric. A
charged particle reaction experiment pinned down this state
as being at 641(3) keV [38,41]. The half-life of the isomer
suggests a low-energy M2 transition and rules out a low-energy
E3. (Note, that while the standard shell model calculation
does predict an inverse ordering of the 11/2− and 7/2+ states,
the modified one agrees with the experiment.) The observed
563 keV transition connects the 7/2+ state with the 3/2+ πd−1

3/2
ground state. The B(M2) transition strength of the unobserved
78(3) keV γ ray is 0.03(2) W.u., in excellent agreement with
the shell model prediction. The lack of strong K x rays indicates
that the energy of the M2 transition is below the K-electron
binding energy of 80.725 keV. The rather low isomeric ratio,
2.5+8

−10% here and >1% in Ref. [40], suggests the existence of
a higher lying long-lived isomer in this nucleus.

In 202
79Au123 no excited states were reported before. Two

transitions are identified at 138 and 414 keV. The half-life
is T1/2 = 13.1(5) ns. γ -γ coincidences confirmed that the
two transitions are in coincidence [14]. The intensity balance
supports an M1 or possible E2 assignment for the 138 keV
transition. Based on the shell model calculations we propose

the tentative level scheme shown in Fig. 11. Either the 7+ or the
5+ state could be isomeric. The isomer decays by the 138 keV
E2 transition, followed by a fast 414 keV E1. The measured
transition strength, B(E2) = 5.0(2) W.u., is consistent with the
∼11 W.u. value predicted by the shell model.

In 201Au, three new delayed transitions are identified at 378,
553, and 638 keV. The half-life of the 553 keV transition is
T1/2 = 340+900

−290 μs, while the other two transitions originate
from a shorter lived isomeric state with T1/2 = 5.6(24)μs.
Previously, excited states of 201Au were studied experimentally
in the 202Hg(�t ,α) reaction [41,42]. The yrast 11/2− state
with πh−1

11/2 configuration was identified at 594(5) keV [42].
Below this state only low-spin states (3/2 and 1/2) and a
tentative level with no spin-parity assignment at 549(5) keV
were observed. Based on the lifetime, and the similarity
between the observed γ -ray energy of 553 keV and the
549(5) keV excitation energy, we propose the level scheme
shown in Fig. 11. The 11/2− isomer at 594(5) keV decays
by an unobserved low-energy 41(6) keV M2 transition into
the 7/2+ state, which decays into the 3/2+ ground state
by the 553 keV γ ray. This decay pattern, as well as the
M2 transition strength of B(M2) ∼0.02 W.u. is similar to
that observed in the neighboring 199Au [43] and 203Au (this
paper) odd-mass isotopes. This interpretation fits with the
conclusions of a recent ISOLDE experiment [44]. There it was
concluded [45] that the 11/2− state cannot have a half-life of
the order of seconds; i.e., it does not decay directly into the
3/2− ground-state by an M4 transition (the case in 205Au).
The 638 and 378 keV transitions are associated with a higher
lying isomeric state which decays into the 11/2− one. The
intensity balance and lifetime are compatible with the 378 keV
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transition being an M2 transition decaying from the isomer
with a strength of B(M2) = 0.014(7) W.u. Note that due to the
large number of holes outside the 208Pb core, no shell model
calculations were performed for 201Au.

E. Platinum isotopes 202,201,200,199,198,197
78Pt

In 202
78Pt124, an Iπ = (7−) isomer was previously observed

by Caamaño et al. [40]. Our half-life of T1/2 = 141(7) μs is

consistent with and more accurate than the previous value of
T1/2 = 280+420

−190 μs. γ -γ coincidence analysis has confirmed
the doublet nature of the 535 keV peak [14]. This is consistent
with the interpretation made by Caamaño et al. [40].

In 201
78Pt123, the previously reported isomer [40] has been

observed in the current work. In addition to the three known
transitions, we searched for a possible low-energy one,
without success. The isomeric half-life is measured to be
T1/2 = 18.4(13) ns, which is consistent with the previous
measurement of T1/2 = 21(3) ns [40].

FIG. 12. Gamma-ray spectra for Pt nuclei with N < 125 measured in the described experiment. Background peaks are indicated by �.
Inset spectra are time curves associated with the decay of the observed isomers. The transitions used to measure half-lives are indicated in the
spectra.
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In 200
78Pt122, two previously reported isomers were observed.

The lower-lying Iπ = (7−) isomer has a half-life of T1/2 =
14.3(6) ns, which is the weighted average of the previous
measurements [40,46]. This work reports a half-life of T1/2 =
17.0(5) ns. The other isomer has only been reported by
Caamaño et al. [40], it has a spin-parity Iπ = (12+) and it
feeds the Iπ = (7−) isomer. The current work agrees with the
previous findings and reports a half-life of T1/2 = 13.9(10) ns;
it was previously reported to be T1/2 = 10.3(24) ns.

In 199
78Pt121, we observe an unreported isomeric state. γ -ray

transitions have been detected at the energies 319, 420, and
597 keV. All three transitions exhibit the same decay lifetime,
within experimental uncertainties. The half-life of the isomer
is T1/2 = 18.6(34) ns.

In 198
78Pt120, we observe three transitions that follow the

decay of the previously reported Iπ = 7−, T1/2 = 3.4(2) ns
isomer [47]. A higher-lying isomer with T1/2 = 36(2) ns was
also reported [48,49], feeding the lower-lying Iπ = 7− isomer.
The data evaluators of Ref. [47] suggested Iπ = (12−) for this
isomer. There is weak evidence in the γ -ray energy spectrum
(see Fig. 12) for the presence of the 135-, 752-, and 823-keV
transitions that feed the Iπ = 7− state; therefore, the half-life
determined from the present experiment has a large uncertainty
due to the poor statistics, and it is consistent with previous
measurements.

In 197
78Pt119, three transitions emitted following the decay

of a previously unreported isomer have been detected with
energies of 375, 432, and 547 keV. The three transitions are in
mutual coincidence [14] and the half-life is T1/2 = 10.2(13) ns.

The partial level schemes of the 196−202Pt nuclei are shown
in Fig. 13. The even-even Pt nuclei are characterized by
a 7− isomeric state with a predominantly π (h−1

11/2d
−1
3/2)7−

configuration. g-factor measurements [50] in lighter, 190−194Pt,
isotopes support this interpretation. Due to the large number of
nucleons outside the closed shell, theoretical calculations were
done for 202Pt only. These were performed with a truncated
model space, i.e., with closed πg7/2 and νh9/2 orbitals. The
calculations predict predominantly two-proton character for
the 7− state. (In contrast, the 7− state in 204Hg is of mixed
πh−1

11/2d
−1
3/2 and νi−1

13/2p
−1
1/2 character.) In the case of 196,198,200Pt,

the 7− isomer decays by a low-energy E2 transition into

the π (h−1
11/2s

−1
1/2)5− state and has a half-life of the order of

nanoseconds. In the case of 202Pt, the half-life is much longer,
T1/2 = 141(7) μs. This is explained by the lowering of the
7− state below the 5− [40,51]. The reduced transition strength
is B(E3) = 0.268(13) W.u. According to the interpretation
proposed here, the isomers observed in the odd-mass Pt
isotopes have similar structure to that in the neighboring
even-even Pt isotopes, with an added neutron in the i13/2

orbital. Isomeric states with similar structure were previously
identified in lighter Pt isotopes, such as 191,193Pt [52,53].
This interpretation differs from the previously suggested one
[40] for 201Pt (the data on the isomers in 197,199Pt is new).
Previously, it was proposed that the isomer populates the
5/2− ground state. The present interpretation is based on the
similarities between the isomers observed in these nuclei: there
are always three strong transitions in similar energy regimes;
and the half-lives are of the order of tens of nanoseconds (with
the exception of 202Pt). The scenario is also supported by the
E2 strengths, which for 200Pt is ∼13 W.u. close to the value
of 11 W.u. calculated for 202Pt, the last one accessible to shell
model calculations. With increasing distance from N = 126
an increase to twice this value is observed for both the even-A
and odd-A isotopes.

We note that the 13/2+ state is known in 197Pt [54] and 199Pt
[43] but was not observed in 201Pt. The ordering of the three
transition in the odd-mass nuclei is based on the systematics.
The exception is the 17/2+ state in 197Pt, where a (17/2+)
state at 767(10) keV was previously identified in a (3He,α)
reaction [54,55].

F. Iridium isotopes 201,200,199,198,195
77Ir124

The delayed γ -ray and time spectra of 201,200,199,198,195
77Ir124

are shown in Fig. 14.
In 201

77Ir124, no experimental information on the excited
states was previously available. Presently, an isomer has been
observed, emitting three transitions: 440, 452, and 681 keV.
The half-life is T1/2 = 10.5(17) ns.

No experimental information on the excited states of
200

77Ir124 was previously available. Two transition were
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FIG. 14. Gamma-ray spectra for Ir nuclei with N < 125 measured in the described experiment. Transitions arising from contaminant nuclei
are indicated by, �. Inset spectra are time curves associated with the decay of the observed isomers. The transitions used to measure half-lives
are indicated in the spectra.

observed, at energies of 120 and 127 keV. The transitions
are not in coincidence with each other [14]. The half-lives
associated with the decay of these two transitions are T1/2 =
17.1(12) and 28.5(15) ns, respectively.

In 199
77Ir122, a new isomeric state has been observed decaying

by 449-, 500-, 547-, and possibly 597-keV transitions. The
intensity of the tentative 597-keV transition (its energy is
similar to that from the 74Ge(n,n′) reaction) is distinctly
less than the intensity of the other three. γ -γ coincidence
analysis shows that the three stronger transitions are in mutual
coincidence. In addition, the 500 keV is a doublet, since

it is in coincidence with itself. The 597-keV transition is
tentatively observed to be in coincidence with the other three
transitions. Based on the presently available experimental data,
it is interpreted that all of the transitions are emitted following
the decay of a single isomer with a half-life of T1/2 = 8.9(5) ns.
Caamaño et al. [40] have previously tentatively reported the
existence of an isomer in 199

77Ir122. Candidate transitions were
suggested at the energies 104, 112, 122, and 162 keV. Our
spectrum, with the same time range �t = 80 → 390 ns is
shown in Fig. 14. No indication of the tentatively observed
isomer has been detected in this work.
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FIG. 15. Tentative level schemes for iridium, osmium and rhenium isotopes. The single particle states in 195Ir are from literature [54,57].
For a more complete level scheme of 198Os see [58].

An isomer has previously been identified in 198
77 Ir121 with

a half-life of T1/2 = 77(9) ns [40]. Our measured half-life of
T1/2 = 73.0(11) ns is in agreement with the previous value.

A previously unreported isomer has been identified in
195
77 Ir118. The transitions are observed to have energies 268,
404, 477, 538, and 567 keV. None of these transitions were
known before [57]. The half-life of the isomer measured from
the combined statistics of all of the transitions is found to be
T1/2 = 4.4(6) μs.

The odd-mass 193,195,197Ir nuclei have a remarkably similar
single quasiparticle level structure [53,54,57]. The ground-
state is π3/2+[402], followed by the π1/2+[400] at ∼60-keV
excitation energy and by π11/2−[505] at ∼100 keV. The
11/2− is isomeric with very long half-life (e.g., 10.5 days
in 193Ir). The similarity indicates that these isotopes must have
very similar deformation. This, and the further similarity to
less neutron-rich 189,191Ir nuclei suggests that they all exhibit
prolate deformation (note that the calculations of Möller et al.
[29] suggest that Ir isotopes up to 196Ir are prolate, and become
oblate from 197Ir onwards). The proposed level scheme for 195Ir
is shown in Fig. 15. Based on BCS calculations, we suggest
for 195Ir that a three-quasiparticle 27/2+ isomer with config-
uration π11/2−[505]ν3/2−[512]13/2+[606] decays into the
rotational band built on π11/2−[505]. The transition energies
within the band fit into the systematics of the lighter odd-mass
Ir isotopes. The transition strength of the 268-keV E1 transition
is B(E1) = 2.3(3)×10−9 W.u.

In 198Ir and 200Ir, the lack of x rays in the spectra
suggests that the observed low-energy transitions are of
E1 character. In the case of 198Ir, following the previous
suggestion [40] that the observed transition is E1 in nature
and it depopulates the isomer directly, a transition strength
of B(E1) = 1.4(3)×10−6 W.u. and an isomeric ratio of IR =
5(4)% is measured. This is lower than the previous IR = 19+5

−3

value [40]. With the same assumptions for 200Ir, we get

B(E1) = 2.8(2)×10−6 W.u and B(E1) = 5.4(4) ×10−6 W.u,
IR = 3.5(14)% and IR = 22(12)%, for the 127- and the
121-keV transitions, respectively.

The lifetimes, of order of tens of nanoseconds, in 201Ir and
199Ir are compatible with decays via low-energy E2 transitions.
Both nuclei are predicted to be almost spherical, with small,
β2 < 0.1, oblate deformation [29]. The observed γ -ray spectra
do not resemble rotational bands, in agreement with the
above prediction. No level schemes are proposed for these
nuclei.

G. Osmium isotopes 199,198,197,195,193
77Os

The delayed γ -ray and time spectra for 199,198,197,195,193
77Os

nuclei are shown in Fig. 16.
A previously unreported isomer has been observed in 199Os.

Five transitions have been detected with energies 379, 402,
425, 737, and 971 keV. The half-life of the isomer is measured
to be T1/2 = 25.2(20) ns.

Two new isomers were found in 198
76Os122. These results

have been discussed in detail by Podolyák et al. [58]. In
supplement to the previous publication, we present here limits
on the isomeric ratios of the observed Iπ = (12+) and (7−)
metastable states (see Table I).

No states have previously been reported in 197
76Os121.

Presently, four transitions have been observed, these are at
energies 204, 416, 487, and 629 keV. The half-life is found
to be T1/2 = 78.2(66) ns. All four transitions are in mutual
coincidence [14].

In 195
76Os119, we confirm the isomeric state previously

observed both in fragmentation [40] and deep-inelastic [48]
experiments. Our half-life is T1/2 = 34.0(23) ns, similar to
the previously determined values of T1/2 = 26(4) ns [40] and
T1/2 = 26(9) ns [48].
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An isomer is reported for the first time in 193Os117. One
transition with 242 keV is associated with the decay of the
isomer that has a half-life of T1/2 = 132(29) ns. This energy
does not fit into the known low-spin-level scheme [53] and we
are unable to propose a level scheme.

The observed isomer in 195Os was interpreted [48] to
have Iπ = (27/2−) with ν13/2+[606]3/2−[501]11/2+[615]
character. Here we suggest an alternative interpreta-
tion, as shown in Fig. 15. The Iπ = (29/2−) with
ν13/2+[606]π11/2−[505]5/2+[402] (or, alternatively, the
Iπ = (25/2+) with ν13/2+[606]3/2−[501]9/2−[505]) isomer
decays via a low-energy E2 (or E1) transition into the 25/2−,
ν13/2+[606]11/2−[505]1/2+[411] band-head, which decays
via the 714-keV transition into the ν13/2+[606] band. We note
that the ν13/2+[606] and ν3/2−[501] states are expected to
be close in energy, one of them being the ground state and the
other a long-lived isomer.

Theoretical calculations predict a weakly deformed oblate
shape for 197−199Os [29,59], similar to the platinum isotopes.
From the experimental side, the similarity between the
excitation spectra of 198Os and 200Pt [58] suggests that the
neighboring odd-mass nuclei are also similar. Consequently,
a low-energy 13/2+ state, with a long half-life, is expected in
the odd-mass Os isotopes. Most likely, the isomers observed
in 197,199Os decay into this yrast 13/2+ state. Possible
isomeric states should have the i13/2 neutron coupled with
πh−1

11/2d
−1
3/2 and/or πh−2

11/2. For 197Os, we suggest a level scheme
similar to that of its 199Pt isotone, with the isomer having
νi−1

13/2πh−1
11/2d

−1
3/2 configuration (see Figs. 15 and 13). In 199Os,

the number of observed γ rays suggests a higher spin isomer,
possibly with νi−1

13/2πh−2
11/2 character; however, we are unable

to propose a level scheme.
We note that no isomeric state was observed in 196Os [58].

This suggests that 196Os has a different shape from the slightly

FIG. 16. Gamma-ray spectra for Os nuclei measured in the described experiment. Inset spectra are time curves associated with the decay
of the observed isomers. The transitions used to measure half-lives are indicated in the spectra.
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FIG. 17. Gamma-ray spectra for Re nuclei measured in the described experiment. Background peaks are indicated by �. Inset spectra are
time curves associated with the decay of the observed isomers. The transitions used to measure half-lives are indicated in the spectra.

oblate 198Os [58] and the platinum isotopes. Here we propose
that the shape transition to oblate happens after 196Os.

H. Rhenium isotopes 196,194,193,192,191
75Re

The delayed γ -ray and time spectra of 196,194,193,192,191
75Re

nuclei are shown in Fig. 17.
For the first time an excited state is reported to be observed

to decay in 196Re. Characteristic rhenium Kα and Kβ x rays are
observed following the decay through an unobserved highly
converted transition. The half-life associated with the Kα x
rays is measured to be T1/2 = 3.6(6) μs.

In 194
75Re119, Caamaño et al. [40] tentatively reported an

isomeric state by observing possible transitions at 128, 148,
and 464 keV and rhenium Kα and Kβ x rays. The current
report confirms the existence of an isomer with a measured
half-life of T1/2 = 45(18) μs. We observe the x rays and the

86-keV γ ray. The 128-, 148-, and 464-keV transitions have
not been observed.

In 193Re previous work by Caamaño et al. [40] identified
the emission of a 145-keV γ -ray transition and characteristic
rhenium Kα and Kβ x rays following the decay of an isomer
with a half-life of T1/2 = 75+300

−40 μs. We confirm the existence
of this isomer. The determined half-life, T1/2 = 65(9) μs, is
consistent with and more precise than the previous value. A
more recent experiment also detected this isomer and gave
T1/2 = 72(8) μs [60].

In 192
75Re117 Caamaño et al. [40] have previously identified

the decay of an isomer. We confirm the existence of this isomer
by detecting a 159 keV, γ ray, as well as characteristic rhenium
Kα and Kβ x rays. The determined half-life, T1/2 = 85(10) μs,
is consistent with and more precise than the previous value of
T1/2 = 120+210

−50 μs. A more recent experiment also detected
this isomer and reported T1/2 = 93(15) μs [60].
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In 191
75Re116, an isomer has tentatively been identified by

Caamaño et al. [40] with possible transitions at 53, 139, 225,
308, 360, 419, and 444 keV with Re x rays as well. We confirm
the existence of this isomer. There are differences between
the transitions observed in this and the previous work. The
suggested transitions at 53, 308, and 360 keV have not been
observed in this work, although the others have. In addition, in
this work a transition of 135 keV is tentatively identified, which
was not previously observed. The intensity of the 225-keV line
is double compared to the others, suggesting a doublet nature.
The half-life of the isomer is T1/2 = 77(33) μs.

Odd-mass 187Re [61] and 189Re [61] are character-
ized by an π5/2+[402] ground state with a low-lying
π9/2−[514] excited state. Our BCS calculations predict the
same situation for 193Re. We propose that the observed
145-keV transition connects these states and has an M2
transition strength of B(M2) = 0.0175(25) W.u. The in-
tensity of the observed x rays is in agreement with this
scenario.

In 191Re, we are unable to suggest a level scheme. Most
likely the isomer feeds the π9/2−[514] band head as the
energy of the 140-keV transition is in agreement with the
(11/2−) →(9/2−) energy difference [52]. The strong x rays
as well as the lifetime suggest an M2 decay from the isomer,
possibly arising from the same proton configuration change
(with a broken neutron pair) as in 193Re. We note that the
9/2− band head at 145(3) keV [52] is likely to be isomeric
with a similar lifetime, decaying into the 5/2+ band head at
97(3) keV (but the observed x rays are not from this decay and
the 97(3)-keV transition is not observed).

The odd-odd 192,194,196Re nuclei all exhibit strong x rays
and similar microseconds lifetimes. These would suggest
a low-energy M2 decay, similarly to the odd-mass nuclei.
However, the x rays in 192Re and 194Re are too weak for the
159- and 86-keV transitions to be of M2 character, respectively.
Consequently, no level schemes are suggested for the odd-odd
rhenium nuclei. The isomeric ratios were determined assuming
M1 character for the 159- and 86-keV transitions.

FIG. 18. Gamma-ray spectra for W and Ta nuclei measured in the described experiment. Inset spectra are time curves associated with the
decay of the observed isomers. The transitions used to measure half-lives are indicated in the spectra.
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I. The 191,190
74W and 189,188

73Ta nuclei

The delayed γ -ray and time spectra of 191,190W and 189,188Ta
nuclei are shown in Fig. 18.

The first observation of excited states in 191
74W have been

made in the present work [13,14]. γ -ray transitions at 68 and
167 keV and characteristic tungsten x rays are observed. The
half-life is T1/2 = 0.36(2) μs. This isomer is confirmed by
Alkhomashi et al., who in a subsequent experiment performed
one year later measured T1/2 = 0.32(2) μs [60]. We are unable
to propose a level scheme.

In 190
74W114, an isomeric state has been previously reported

[40,62]. The results from the present experiment and possible
interpretations were discussed in detail in Ref. [63]. The
half-life of the isomer has been measured to be T1/2 =
108(9) μs. We note that a subsequent experiment confirmed
this isomer and reported a half-life of T1/2 = 106(18) μs
[60]. In addition, there are indications for a previously
unreported isomer with a much shorter life-time. Characteristic
tungsten x rays have been observed, but no γ -ray transitions,
with an associated half-life of T1/2 = 0.35(4) μs. There are
insufficient statistics available for γ -γ analysis to identify
whether there is any feeding between this newly discovered
isomer and the previously observed one. Very recently, results
from an experiment employing deep-inelastic collisions were
published by Lane et al. [64]. They deduce that a 10− T1/2 =
166(6) μs isomer decays by a low-energy M2 transition into
the 8+ 110(17) ns isomer. The lower-lying isomer decays via
the γ -ray transitions observed in the present experiment. Our
experimental data supports the level scheme suggested by Lane
et al. (see Fig. 1 of Ref. [64]). However, our short-lived x-ray
spectrum cannot be explained by that level scheme. It was
previously noted that a possible cause of the low E(4+)/E(2+)
ratio in 190W is shape coexistence [9]. Consequently, it might
be that the observed x rays are from the 0+ → 0+ shape-
changing transition. This has to be isomeric also because its
decay has to proceed via conversion electron as the γ -ray
transition is forbidden.

Excited states have been measured in 189
73Ta116 for the

first time. γ -ray transitions have been observed at energies
of 154, 284, 343, 389, and 482 keV. The half-life is
T1/2 = 0.58(22) μs. γ -γ coincidence analysis shows that
all of the γ rays are in mutual coincidence [14]. A more
recent experiment has also detected this isomer. γ rays with
energies 57 (x ray), 83, 134, 154, 199, 264, 284, 389, and
481 keV were reported with a half-life of T1/2 = 1.6(2) μs
[60]. The additional, lower intensity γ rays show up in our
spectrum as tentative lines (also 99 keV). It seems that two
isomers are involved, and we are unable to propose a level
scheme

In 188
73Ta115, we confirm the previous observation of an

isomeric state by Caamaño et al. [40]. A single 292-keV
transition is observed with half-life of T1/2 = 3.5(4) μs, which
is in agreement with the previous value of T1/2 = 5(2) μs.

A subsequent fragmentation experiment has also seen this
isomer and reported a T1/2 = 4.4(10) μs half-life [60]. No
level scheme is proposed.

J. Lighter nuclei

The experiment covered a number of nuclei in the Z =
69−72 (Tm-Hf) region, as shown in Fig. 5. The yields of
these nuclei were rather low [13]. Therefore, no conclusion
can be drawn from the nonobservation of isomeric states in the
region. To some extent, the above is valid for tantalum isotopes
as well. Actually, we know that this region is characterized
by K isomerism, and some K isomers have been identified.
For example, fragmentation experiments populate isomeric
states in 190Ta [60] and 183,184,186Hf [65], while deep-inelastic
reactions made them in 182Hf [66].

IV. SUMMARY

Isomeric states were observed in a large number of heavy
neutron-rich nuclei in the Ta-Hg region. In the case of
nuclei close to the doubly magic 208Pb, the results were
interpreted with the aid of the shell-model. It was found that the
modifications introduced in order to obtain a better description
of 204Pt and 206Hg improved the agreement with experiment
for the whole region.

Information on the prolate-oblate shape transition was
obtained. It is suggested that osmium isotopes with mass
A � 197 are slightly oblate and have isomeric states similar to
those in the platinum nuclei. The lighter osmium isotopes such
as 193,195Os exhibit isomeric states characteristic of prolate
shapes. The lack of isomeric transitions in 196Os are interpreted
as an indication that this nucleus is still prolate deformed. The
spectra obtained from iridium isotopes indicate that up to 197Ir
they are prolate while the 199,201Ir isotopes are oblate.

Several isomeric states with half-lives beyond the sensitiv-
ity of the technique used here are predicted. It may be possible
to identify them using other methods, such as the GSI storage
ring.
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A �-decaying high-spin isomer in 96Cd, with a half-life T1=2 ¼ 0:29þ0:11
�0:10 s, has been established in a

stopped beam rare isotope spectroscopic investigations at GSI (RISING) experiment. The nuclei were

produced using the fragmentation of a primary beam of 124Xe on a 9Be target. From the half-life and the

observed� decays in the daughter nucleus, 96Ag, we conclude that the�-decaying state is the long predicted

16þ ‘‘spin-gap’’ isomer. Shell-model calculations, using the Gross-Frenkel interaction and the

��ðp1=2; g9=2Þmodel space, show that the isoscalar component of the neutron-proton interaction is essential

to explain the origin of the isomer. Core excitations across the N ¼ Z ¼ 50 gaps and the Gamow-Teller

strength,BðGTÞ distributions have been studied via large-scale shell-model calculations using the��ðg; d; sÞ
model space to compare with the experimental BðGTÞ value obtained from the half-life of the isomer.

DOI: 10.1103/PhysRevLett.107.172502 PACS numbers: 21.60.Cs, 23.20.Lv, 23.35.+g, 26.20.�f

The nuclear landscape around the heaviest known bound
doubly magic self-conjugate nucleus 100Sn, which resides
far from the valley of stability, exhibits a rich variety of
nuclear structure phenomena [1–15]. A feature of great
interest in this region is the presence of isomeric states,
especially those which may undergo particle decay.
Indeed, early work by Peker et al. was paramount in
motivating studies of such states based on three or four
particle/hole configurations in nuclei. This included the
16þ isomeric state in 96Cd, which was suggested to result
from a four-hole configuration relative to a 100Sn core that
may decay via proton radioactivity [1].

A particularly interesting issue in this region is the role
played by the neutron-proton, np, interaction in leading to
the existence of the isomers. The isovector (T ¼ 1) com-
ponent of the interaction between like-nucleons is known
to dominate in all non-self-conjugate nuclei while the
T ¼ 1 np interaction has been shown to have a major
influence on the N ¼ Z line below mass 80 due to the

large overlap of the proton and neutron wave functions
[16]. Although calculations suggest an important influence
of the isoscalar (T ¼ 0) np interaction on the structure of
medium-heavy N ¼ Z nuclei, its role has been less clear
and often debated [17–20]. Very recent experimental work
has claimed the first indications for the crucial role of this
interaction at low spins in 92Pd, that are supported by
shell-model (SM) calculations [2]. In order to establish
or dispute the expected strong influence of the T ¼ 0 np
interaction for self-conjugate nuclei close to 100Sn, it is of
paramount importance to obtain further evidence for its
effects.
Long standing SM calculations for the self-conjugate

nucleus 96Cd predict the presence of a 16þ state at an
energy lower than that of the first 12þ and 14þ states
[10]. This situation arises from the strong influence of
the T ¼ 0 np interaction and results in ‘‘spin-gap’’ isomer-
ism [4] for the 16þ state, since its E6 � decay to the next
available 10þ state is highly hindered. Consequently, �-,
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�-delayed proton and proton decays may be expected to
become favorable modes of deexcitation [1,10]. The iden-
tification of such decay characteristics, along with the
evolution of single-particle energies, provides a sensitive
probe of the residual interactions seen by the nucleons and
can serve as critical tests of nuclear models. Studies related
to the predicted ‘‘spin-gap’’ isomerism in N � Z � 50
nuclei around the proton drip line also have been of great
interest due to the purity of the wave-functions and the
possibility to describe their properties using only a few
orbitals [4–7,21]. Apart from providing important data on
the np interaction, the structural properties of these nuclei
also serve as key inputs to the astrophysical rp-process
calculations [22].

In this Letter, we report on the identification of an
isomeric state in 96Cd that � decays mainly to the (15þ)
isomeric state in 96Ag [21]. From the observed Gamow-
Teller (GT) strength and the decay � rays, we conclude that
this provides evidence for the existence of the long pre-
dicted 16þ ‘‘spin-gap’’ isomer in 96Cd [10]. This is the
second highest spin (the 21þ isomeric state in 94Ag being
the highest [3]) observed for a state preceding � decay.

96Cd nuclei were produced at GSI by fragmentation of
an 850 MeV=u 124Xe primary beam with an intensity
of 109 particles=s from the SIS-18 synchrotron on a
4 g=cm2 9Be target. The nuclei of interest were separated
using the fragment separator (FRS) [23] and transported to
its S4 focal plane, where the RISING [24,25] stopped beam
setup was located. The ions, fully stripped (Q ¼ Z) due to
their relativistic energies, were identified on an event-by-
event basis [21,23–25]. Figure 1 shows the Z versus A=Q
identification plot for the implanted ions. Here, A, Q and Z
are the mass, charge state and the atomic number of the
fragments, respectively.

The 96Cd nuclei were slowed down using an aluminum
degrader at the S4 focal plane. Subsequently, the ions were
stopped in an ‘‘active stopper’’ (AS) that detected the
implantation position of nuclei as well as the particles

from their decays [26]. The AS consisted of nine double
sided silicon strip detectors (DSSSD) arranged in three
horizontal rows perpendicular to the beam direction, with
three detectors in each row. Each DSSSD was 1 mm thick
with an area of 5� 5 cm2 and had 16 X and 16 Y strips
[27]. This geometrical arrangement also had an optimal
solid angle coverage for the decays from the nuclei im-
planted in the central detector. The primary beam and FRS
settings were optimized so as to stop the 96Cd nuclei in the
center of the AS. To detect the � rays from the fragments,
the AS was surrounded by 15 EUROBALL cluster detec-
tors, each cluster comprising seven individual HPGe
crystals. A timing signal from a scintillator placed
down-stream to the S4 focal plane, corresponding to the
instance of fragment implantation (see [24,28] for details),
was used for time correlations with subsequent decays.
A total of 630 96Cd nuclei were identified by the FRS

focal plane detectors in the current experiment in a period
of close to 8 days. In the analysis presented here, we used
approximately 95% of these events that were implanted
into the detector located in the middle of the AS. The
endpoint energies, for the � decay of the ground and 16þ
states in 96Cd, are expected to be in the range of 8 to
10 MeV [29,30] and most of the resulting � particles are
estimated to deposit an energy of up to 600 keV in a single
strip of a Si detector. Figure 2(a) shows the prompt �-ray
events which follow within a time window of up to 200 ns
after a �-decay event, that deposited an energy of up to
’ 600 keV in the AS and has been identified within a
correlation time of up to 1 s after 96Cd implantation. The
latter are defined by a contour line in Fig. 1. A � ray at
421 keV is observed, next to the dominant 511 keV line
arising from positron annihilation.
SM calculations for 96Ag, using the Gross-Frenkel (GF)

interaction and the ��ðp1=2; g9=2Þ model space, predict

the lowest 1þ and 2þ states at excitation energies of
356 and 12 keV, respectively, above an 8þ ground state
[31]. Experimentally, spins or parities of 2þ, 8þ have been
tentatively assigned to two low-lying states based on the
�þ=EC decay [32,33]. Low-lying 1þ states of odd-odd
N ¼ 49 isotones are populated in �þ=EC GT decay from
the ground states of their even-even neighbors and are
connected to the 2þ states by M1 transitions [34].
Therefore, we tentatively assign the observed 421 keV �
line to a ð1þÞ ! ð2þÞ transition in 96Ag fed by �þ=EC
decay of the 96Cd ground state (see Fig. 3). The time
distribution of the 421 keV � ray with respect to the
implantation of 96Cd is shown in the inset of Fig. 2(a).
An analysis based on the maximum likelihood method
yields T1=2 ¼ 0:67� 0:15 s. This is in good agreement

with the known value of 1:03þ0:24
�0:21 s reported for the

ground state decay of 96Cd [8]. From the observed �
intensities in Fig. 2(a), we estimate an upper limit of
10% population for the 16þ isomeric state implying
�90% population for the ground state. This ‘‘isomeric
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ratio’’ is similar to that observed for the 15þ isomeric
state in 96Ag, but somewhat higher than our theoretical
estimation of �2% [21,35].

Figure 2(b) shows the �-ray spectrum that was obtained
with the same conditions as those for Fig. 2(a), except that
the events are delayed by 200 ns to 4 �swith respect to the
�-decay signal. In this case there is evidence for � rays at
470, 667, and 1506 keV, two of which were first observed
by Gryzwacz et al. [36]. These are identical to the main
observed transitions following the decay of the (15þ)
isomer in 96Ag (see Fig. 3), which has T1=2 ¼ 1:5 �s

[21,37]—a value which is about twice that inferred in
Ref. [36]. To investigate other possible contributions
from random coincidences Fig. 2(c), using the same con-
ditions as those for Fig. 2(b), shows � rays which are in
coincidence with all fragments other than 96Cd that are
stopped in the central detector. This spectrum shows no
evidence for the 470, 667, or 1506 keV �-ray lines. We
therefore conclude that the � rays observed in Fig. 2(b)
result directly from the � decay of the 16þ ‘‘spin-gap’’
isomer in 96Cd, since�-decay selection rules for GT decays
(�I ¼ 0, 1) exclude the possibility of the 0þ ground state in
96Cd populating such a high-spin isomer in its daughter
96Ag. The extracted time distribution of the�-decay events
when the three � decays are simultaneously detected is
shown in the inset to Fig. 2(b). The maximum likelihood

method gives T1=2 ¼ 0:29þ0:11
�0:10 s for the distribution. This is

in good agreement, within the uncertainties, with the ex-
pected value of 0.5 s from Ref. [10] for the GT decay of the
16þ ‘‘spin-gap’’ isomer.
Figure 3 (left column) shows the results of SM cal-

culations for 96Cd using the GF interaction and the
��ðp1=2; g9=2Þ model space [31]. Further details on our

SM approach can be found in Refs. [7,21]. The 16þ isomer
has a ��ðp2

1=2g
8
9=2Þ particle configuration within

��ðp1=2; g9=2Þ model space, leaving two proton (�ðg�2
9=2Þ)

and two neutron (�ðg�2
9=2Þ) holes coupled to the maximum

possible spin I ¼ 16.
Figure 3 (center) shows the results of our SM calcula-

tions performed with either the T ¼ 0 or T ¼ 1 np inter-
action switched off. Here, the original proton and neutron
particle/hole energies for both, 88Sr and 100Sn are main-
tained by using a monopole correction [38]. The 16þ state
moves up substantially to lie above the 12þ and 14þ states
and no longer forms a ‘‘spin-gap’’ isomer when the T ¼ 0
np interaction is switched off. Our identification of the 16þ
�-decaying isomer therefore provides additional evidence
for the importance of the T ¼ 0 np interaction at high
spins in A ’ 90–100 N ¼ Z nuclei.

0 0+

906 2+

1964 4+

2955 6+

3361 8+

4595 9+
4873 10+

5489 12+5576 14+

5298 16+

0 0+

785 2+

1624 4+

2404 6+

2766 8+

3725 9+
3697 10+

3771 16+4098 14+4105 12+

0 0+

1281 2+

2185 4+

2631 6+2766 8+

3484 9+

4670 10+

5585 12+

5954 14+6104 16+

2205 2+

2828 4+
3085 6+3101 8+

4868 10+

5830 12+

0 8+
267 2+478 1+545 9+

2034 11+

2585 13+2620 15+

0 (8+)
y (2+)

421  y (1+)
470 (9+)

1976 (11+)

2643 (13+)

2643  x (15+)

96 Cd,T=0
96 Cd,T=196 Cd,SM 96 Ag,GDS t=5 96 Ag,Ex

+

+
421470

1506

667

FIG. 3. Shell-model calculations for 96Cd. 96Cd, SM: All iso-
vector nn, pp, np and isoscalar np interactions are included.
96Cd, T ¼ 0: Only the isovector np interaction is switched off.
96Cd, T ¼ 1: Only the isoscalar np interaction is switched off.
Large-scale shell-model calculations for 96Ag. 96Ag, GDS t ¼ 5:
Up to 5 ph core excitations across the N ¼ Z ¼ 50 shell gap are
included. Only the lowest states are shown for each spin. EX:
Partial experimental scheme and the transitions observed in the
decay of 96Cd [21,37]. Here, x and y correspond to the unob-
served transition energies.
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FIG. 2. Gamma-ray spectra associated with the decays follow-
ing implantation into the geometrically central DSSSD of the
‘‘active stopper.’’ (a) 96Cd events with �-ray times restricted to
be between 0 to 200 ns following the �-decay signal detected in
the DSSSD. In the inset the time distribution of the 421 keV �
ray with respect to the 96Cd implantation time is shown for the
data (histogram) and the calculations (smooth curve) using
T1=2 ¼ 0:67� 0:15 s. (b) Same as (a) except the �-ray times

are restricted to be between 200 ns to 4 �s. The inset shows the
combined correlation time distribution of the 470, 667, 1506 keV
� rays which gives T1=2 ¼ 0:29þ0:11

�0:10 s for the 16þ isomer.

(c) Same as (b) for all nuclei other than 96Cd. In the above
spectra, the 511 keV line arises from the positron annihilation
while the remaining lines with labels correspond to the transi-
tions in 96Ag (cf. Fig. 3). See text for details. The dashed lines
are merely to guide the eye to particular energy coordinates.
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The 15þ isomeric state in 96Ag (cf. Fig. 3) has a pure
��ðp2

1=2Þ�ðg79=2Þ�ðg99=2Þ configuration within the

��ðp1=2; g9=2Þ model space with the �ðg�3
9=2Þ�ðg�1

9=2Þ holes
coupled to the maximum possible spin [21]. This scenario
results in the full GT strength for a g9=2 proton (projection

5=2) ! g9=2 neutron (projection 7=2) transition that is

illustrated schematically in Fig. 4 (left). This is similar to
the decay of the 12þ isomeric state in 52Fe to the 11þ state
in its daughter 52Mn, one major harmonic oscillator shell
below, with a small BðGTÞ value of 0.061 [34,39].

The experimental GT strength in standard units is re-

lated to the half-life via BðGTÞ ¼ 3860ð18ÞI�
fT1=2

[40], where I� is

the branching ratio and f is the phase space function
tabulated for various QEC values in Ref. [41]. We obtain
BðGTÞ ¼ 0:19þ0:10

�0:06, using T1=2 ¼ 0:29þ0:11
�0:10 s, 100% for I�

and QEC ¼ 11:51� 0:26 MeV. The latter is extrapolated
from the ground state-to-ground state value [30] and the
GF shell-model calculations. This is in good agreement
with the SM result for the ��ðp1=2; g9=2Þ model space of

BðGTÞ ¼ 0:14, where we have used 0.6 for the GT quench-
ing taken from Ref. [30].

In order to investigate the effects in an extended model
space, we carried out large-scale shell-model (LSSM)
calculations in a ��ðg; d; sÞ space using a 80Zr core and
including up to t ¼ 4 (96Cd) or t ¼ 5 (96Ag) particle-hole
(ph) core excitations across the N ¼ Z ¼ 50 shell gap
[5,21]. In this case a quenching factor of 0.75 was used
for the GT operator [42]. The relevant calculated level
scheme for 96Ag is shown in the next to the last column
of Fig. 3. The calculations in Fig. 4 (right) show the decay
of the parent 16þ state. This contains 76% content of
the ð�g�2

9=2�g
�2
9=2Þ16 configuration and decays to the first

15þ (isomeric) state at 2.62 MeV and the 15þ, 16þ, and
17þ GT resonance states, which have ’ 2 MeV width at
centroid energies of 10.2, 10.6, and 9.5 MeV, respectively.
The BðGTÞ values for these states are calculated to be
0.07, 2.78, 2.33, and 1.41, respectively. Clearly, in these

calculations, the 15þ state at 2.62 MeV is predicted to have
a factor two smaller value for BðGTÞ compared to the GF
estimate of 0.14. Both these estimates agree, within the
uncertainties, with our experimental result. Future mea-
surements with better statistics will be needed to study all
the decay branches that should validate the calculations. It
should be noted that the observed difference in the esti-
mates is due to the core excitations included in LSSM
calculations. A similar effect of core excitations is found
for the 100Sn case. A large GT strength is entirely concen-
trated in the �ðg9=2Þ ! �ðg7=2Þ transition to the 1þ state in
100In, when no core excitations are considered. The
strength to this state is reduced by 19% for SM calculations
performed in the (g, d, s) space at low truncation levels,
t ¼ 2 for 100Sn and t ¼ 3 for 100In [11]. Further reduction
is anticipated from an LSSM calculation at t ¼ 5 due to the
fragmentation of BðGTÞ to several 1þ states [43].
The decay energies from the 16þ state to the GT reso-

nance states in the daughter are smaller, therefore the phase
space is smaller, compared to that for the 15þ isomeric
yrast state. Consequently, the 15þ state is predicted to
receive about 68% branching. The remaining 32% feeds
the predicted 15þ, 16þ and 17þ GT resonance states,
which lie at energies above the proton threshold. These
are expected to decay via competing �-delayed proton and
� decays with 33% and 67% branching ratios, respectively.
As shown in Fig. 4 (right), the latter are expected to feed
the 15þ state at 2.62 MeV via M1 and E2 transitions.
However, due to the limitations in the detection efficiencies
and statistics in our data, the corresponding high energy �
transitions could not be observed. The � branch creates a
pandemonium problem [44], since the nonobserved feed-
ing viaM1 and E2 transitions [see Fig. 4 (right)] to the 15þ
daughter state has a larger value for the BðGTÞwhich is not
accounted for in the experimental BðGTÞ based on the
assumption of I� ¼ 100%. This warrants a caution when

comparing our experimental value with the theoretical
estimates for the BðGTÞ strength to the 15þ state or for
the total BðGTÞ strength. Future experiments with better
statistics will be useful in understanding the hindrance
factor in GT strengths in this region [45].
Recent work [15] identified the 25=2þ ‘‘spin-gap’’ iso-

mer in 97Cd and pointed out that when multiple
�-decaying states are present, the measured half-lives
need to be carefully analyzed to deduce the half-life of
the ground state, which is usually the important quantity
for nuclear astrophysics. Bazin et al. reported on the decay
half-life of 96Cd [8]. However, it was not known whether
their result was for the ground state, the isomeric state, or a
combination of the two states. Our work allows us to
deduce T1=2 ¼ 0:67� 0:15 s for the ground state in
96Cd. This value is smaller but, within the uncertainties,
agrees with the result from Ref. [8] and thereby supports
their conclusion that the x-ray bursters are not the main
source for the large abundance of 96Ru in the solar system.
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FIG. 4 (color online). Left: The proton and neutron occupa-
tions lined up in the sequence of increasing projection in the p1=2

and g9=2 orbitals representing the 16þ ‘‘spin-gap’’ isomer in
96Cd and the 15þ isomer in 96Ag [21]. The GT �-decay process
(�g9=2 ! �g9=2) is depicted by the arrow that receives the full

GT strength within the ��ðp1=2; g9=2Þ space. Right: Decay

branches are shown from the large-scale shell-model calcula-
tions with core excitations allowing different transitions includ-
ing the one depicted on the left. Overlaps of the resonances, due
to their ’ 2 MeV width, are not shown for the clarity. See text
for details.
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In summary, evidence for the existence of the 16þ E6
‘‘spin-gap’’ isomer in 96Cd is presented for the first time
and supported by SM calculations on the level structure
and GT strengths. This result provides important evidence
for the strong influence of the isoscalar neutron-proton
interaction not only at low-spins as in the case of 92Pd
[2], but also at high-spin in the region around 100Sn.
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Superallowed Gamow–Teller decay of the
doubly magic nucleus 100Sn
C. B. Hinke1, M. Böhmer1, P. Boutachkov2, T. Faestermann1, H. Geissel2, J. Gerl2, R. Gernhäuser1, M. Górska2, A. Gottardo3,
H. Grawe2, J. L. Grębosz4, R. Krücken1,5, N. Kurz2, Z. Liu6, L. Maier1, F. Nowacki7, S. Pietri2, Zs. Podolyák8, K. Sieja7, K. Steiger1,
K. Straub1, H. Weick2, H.-J. Wollersheim2, P. J. Woods6, N. Al-Dahan8, N. Alkhomashi8, A. Ataç9, A. Blazhev10, N. F. Braun10,
I. T. Čeliković11, T. Davinson6, I. Dillmann2, C. Domingo-Pardo12, P. C. Doornenbal13, G. de France14, G. F. Farrelly8, F. Farinon2,
N. Goel2, T. C. Habermann2, R. Hoischen2, R. Janik15, M. Karny16, A. Kaşkaş9, I. M. Kojouharov2, Th. Kröll17, Y. Litvinov2,
S. Myalski4, F. Nebel1, S. Nishimura13, C. Nociforo2, J. Nyberg18, A. R. Parikh19, A. Procházka2, P. H. Regan8, C. Rigollet20,
H. Schaffner2, C. Scheidenberger2, S. Schwertel1, P.-A. Söderström13, S. J. Steer8, A. Stolz21 & P. Strmeň15

The shell structure of atomic nuclei is associated with ‘magic numbers’ and originates in the nearly independent motion
of neutrons and protons in a mean potential generated by all nucleons. During b1-decay, a proton transforms into a
neutron in a previously not fully occupied orbital, emitting a positron–neutrino pair with either parallel or antiparallel
spins, in a Gamow–Teller or Fermi transition, respectively. The transition probability, or strength, of a Gamow–Teller
transition depends sensitively on the underlying shell structure and is usually distributed among many states in the
neighbouring nucleus. Here we report measurements of the half-life and decay energy for the decay of 100Sn, the
heaviest doubly magic nucleus with equal numbers of protons and neutrons. In the b-decay of 100Sn, a large fraction
of the strength is observable because of the large decay energy. We determine the largest Gamow–Teller strength so far
measured in allowed nuclear b-decay, establishing the ‘superallowed’ nature of this Gamow–Teller transition. The large
strength and the low-energy states in the daughter nucleus, 100In, are well reproduced by modern, large-scale shell
model calculations.

Gamow–Teller transitions, in which a proton is transformed into a
neutron or vice versa, while possibly flipping its spin, represent an
important spin–isospin degree of freedom in atomic nuclei. They are
important in many astrophysical processes: they govern, for example,
electron capture during the core collapse of supernovae. Furthermore,
a detailed understanding of Gamow–Teller transitions will provide an
essential constraint on the neutrino mass, in the event that neutrino-
less double b-decay is ever observed. Most of the Gamow–Teller
strength is found in the collective Gamow–Teller giant resonance
(GTGR) of the neighbouring nucleus, which is typically a broad struc-
ture composed of many states. Whereas in charge-exchange reactions
in stable nuclei the full GTGR is accessible, the Gamow–Teller
strength in unstable nuclei can, so far, only be studied through
b-decay. However, b-decay studies can observe only the fraction of
the total Gamow–Teller strength within the decay energy window.
Towards more proton-rich nuclei, this window becomes larger.
Nevertheless, it is still experimentally challenging to detect all small
components of the Gamow–Teller strength1,2. Thus, in most nuclei,
measuring the full Gamow–Teller strength is difficult because it is
fragmented and only partly accessible in b-decays.

100Sn has N 5 50 neutrons and Z 5 50 protons, and as a result
has completely occupied shells. It is therefore called ‘doubly magic’
and is particularly suited both experimentally and theoretically to the
study of Gamow–Teller transitions. The closed N 5 Z 5 50 shells

reduce the effect of long-range correlations, thus decreasing the
amount of fragmentation of the GTGR. Theoretical predictions sug-
gest that a single state is dominantly populated in this decay. At the
same time, the energy window for b-decay is ,7.4 MeV (ref. 3), and
most of the GTGR is therefore accessible. Such a situation for a doubly
magic system is realized nowhere else in the Segrè chart (a two-
dimensional lattice in which all known nuclei are arranged with N
and Z on the x and y axes, respectively): 16O and 40Ca are stable nuclei;
56Ni has too small a QEC value (the energy available for b1-decay or
electron-capture decay) to make the Gamow–Teller resonance
observable in b-decay; and doubly magic nuclei with N 5 Z that are
heavier than 100Sn are unbound. Also, a recent experiment shows that
56Ni has a much more fragmented Gamow–Teller strength4 as a result
of a less robust N 5 Z 5 28 doubly magic shell closure as well as subtle
differences in the shell structure (Methods Summary and
Supplementary Information).

In an extreme, pure single-particle picture, the only possible
Gamow–Teller transition of 100Sn is the decay of a proton in the com-
pletely filled g9/2 shell to a neutron in the empty g7/2 shell because the
g9/2 neutron orbital is filled and no levels above Z 5 50 are occupied.
The large energy separation (shell gap) between these spin-parallel
(g9/2) and spin-antiparallel (g7/2) orbitals, for which the orbital angular
momentum is L 5 4, is responsible for 50 being a magic number. The
b-decay of 100Sn is supposed to be enhanced as a result of the large
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number of protons occupying the g9/2 shell, which can decay to the
mostly empty neutron g7/2 shell. This would lead to a GTGR consisting
of only a single Ip 5 11 level (I, spin; p, parity) with a large Gamow–
Teller strength of about BGT 5 10, taking into account the standard
renormalization factor (0.75) of the Gamow–Teller matrix element
due to configurations outside the model space5. This unique situation
has been termed ‘superallowed’ Gamow–Teller decay6. Even in more
realistic models, including particle–hole correlations, the Gamow–
Teller decay of the ground state of 100Sn is predicted to populate with
more than 95% probability a single 11 state in 100In at an excitation
energy of about 3 MeV. In these calculations, a Gamow–Teller strength
of around 8–14 is obtained7–10, leading to renormalized predictions of
5–7 (refs 8, 10). These theoretical results are summarized in Methods
Summary and Supplementary Information.

The production of 100Sn, and the study of its decay properties, has
been the aim of several experiments11–16, but in these only a few 100Sn
nuclei were uniquely identified. Here we report a new measurement of
the half-life and QEC value from 259 identified 100Sn nuclei, which
yields the smallest log(ft) value of any known b-decay (here t is the
half-life and f is a phase space factor that takes into account the trivial
decay energy dependence of the half-life). The Gamow–Teller
strength is inversely proportional to ft and thus is greatest for the
100Sn decay establishing the robustness of N 5 Z 5 50 shell closures.
The experimentally observed Gamow–Teller strength is well
described in modern, large-scale shell model (LSSM) calculations,
which are able to handle an unprecedentedly large degree of con-
figuration mixing in the case of 100Sn. This 100Sn doubly magic shell
closure is the benchmark for various topics currently discussed in this
mass region, such as spin-aligned pairing in N 5 Z nuclei, alpha
clustering and quadrupole collectivity in the Sn isotopic chain.

Experimental details
The experiment was performed at the GSI Helmholtzzentrum für
Schwerionenforschung, Germany. A 124Xe beam with a kinetic energy
of 1.0A GeV (A, nucleon number) and 1-s-long spills of 3 3 109 ions
every 3 s was directed onto a beryllium target placed in front of the
fragment separator17. Neutron-deficient nuclei were produced
through relativistic projectile fragmentation, transmitted to the final
focal plane of the fragment separator, and identified event by event
(Fig. 1). The correct identification was verified by observing the
c-radiation depopulating known isomers, for example the 81 isomer
in 98Cd. In total, 259 100Sn nuclei were unambiguously identified.

This corresponds to a production rate of 0.75 per hour and a cross-
section of 5.8 6 2.1 pb. All uncertainties correspond to one standard
deviation.

The ions were implanted into a stack of highly segmented silicon
strip detectors surrounded by the RISING array, which consists of 105
germanium detectors arranged in the stopped-beam configuration18

to detect c-rays with high efficiency. Of the 259 identified 100Sn nuclei,
163 were stopped in the 2.1-mm-thick implantation layer.

Analysis and results
Following a 100Sn implantation in a pixel of the implantation zone of
the silicon detector, all decay events were recorded that occurred
within 15 s in that pixel or in the directly neighbouring ones.
During this correlation time, it was possible to assign 126 decay chains
to the 163 100Sn implantations. A maximum-likelihood (MLH)
analysis with a maximum of three decay events during the correlation
time was used to analyse these decay chains. The half-life of 100Sn was
deduced to be 1.16 6 0.20 s in the MLH analysis using established
values for the lifetimes of the daughter nuclei. The measurement is
much more precise than previous experiments yielding 0:94z0:54

{0:27 s
(ref. 14) and 0:55z0:70

{0:31 s (ref. 16). In Fig. 2, we show the decay curve
for 100Sn.

Figure 3 shows thec-ray spectrum observed in coincidence with decay
events following 100Sn implantations. Notably, discrete c-transitions
from the 100Sn decay could be observed. The five transitions denoted
in Fig. 3 are associated with the depopulation of excited states in the
daughter nucleus 100In.

The statistics were sufficient only to establish a coincidence between
the 436-keV and 96-keV transitions, and it is thus impossible to deduce
an unambiguous level scheme for 100In. Within the uncertainties, the
transitions could have the same intensity, which would allow for a
single cascade of five transitions from the excited 11 state to the ground
state. However, this would lead to an excitation energy of more than
4 MeV, which is higher than the value of about 2.5 MeV predicted with
realistic shell model calculations (see, for example, refs 19, 20). The
large uncertainties in the observed intensities also allow for two parallel
cascades originating from this 11 state.

Figure 4 shows the relevant level scheme for 100In obtained from
LSSM calculations. In this approach, 100Sn is not treated as an inert,
doubly magic core but instead excitations across the N 5 Z 5 50 shell
closures were allowed within the fifth (4Bv) harmonic oscillator shell
(Methods Summary and Supplementary Information).

The states of two multiplets that are relevant for the decay are
shown. The states originate in the coupling of proton (p) holes in
the g9/2 orbital either to neutron (n) particles in the g7/2 orbital
(pg{1

9=26ng1
7=2) with total spin and parity Ip 5 11–81 or to neutron
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Figure 1 | Particle identification plot. Events are plotted with respect to Z and
the mass-to-charge ratio, A/Z, for the full statistics of the 100Sn fragment
separator setting. In total, 259 100Sn nuclei (those indicated in the figure) were
unambiguously identified. Resolutions (full-widths at half-maximum) in mass
of DA 5 0.32 (A 5 N 1 Z) and in nuclear charge of DZ 5 0.25 were obtained.
The colours indicate the number of events per bin in a logarithmic scale as
indicated on the right-hand side.
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Figure 2 | Time distribution of first decay events. The histogram shows the
observed time distribution of all first decay events in the nearest-neighbouring
pixels after implantation of 100Sn nuclei. Decay curves resulting from the MLH
analysis are shown individually for 100Sn (dashed) and its daughter nucleus
100In (dash–dot). The solid line shows the sum of these decay curves and takes
into account a small amount of random background.
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particles in the d5/2 orbital (pg{1
9=26nd1

5=2) with Ip 5 21–71. The pre-
dictions reflect the observed c-ray transitions well if the high-energy,
2,048-keV, transition populates the lowest 21 state, this then decays to
lower-lying states via the 436-, 141- and 96-keV transitions, and the
decay chain ends either in the 61 ground state or a low-lying isomeric
state with unobserved decay. In this picture, the second 21 state is
populated by the 1,297-keV transition and decays to the lower-lying
21 and 31 states. This may lead to a fragmentation of the intensities,
making it impossible to observe these transitions in the present
experiment. This picture is supported by three experimental facts:
the measurement of the total c-ray energy (E�1z~2:76+0:43 MeV)
in a previous experiment with a bismuth germanate detector14; the
known mass difference between 100Sn and 100In13, combined with our

measured b-decay end-point energy (E�1z~2:6+1:0 MeV); and our
observation of a single event of b-delayed proton emission
(E�1z~2:93+0:34 MeV). It is fully consistent with the expectation
that a single 11 state is dominantly populated in the decay. Further
details are given in Methods Summary and Supplementary
Information.

As a key feature of this experiment, we measured the kinetic energy
of the decay positrons fully absorbed in the compact silicon detector
array. The spectrum resulting from the summed energies deposited by
a b-particle in the pixels of the calorimeter up to 3 s after a 100Sn
implantation is shown in Fig. 5. It was fitted using a MLH analysis
based on a single-component b-decay phase space function to deter-
mine the end-point energy in the decay of 100Sn. For the fit of the end-
point energy, only data in the energy region between 400 and
2,600 keV were used. In the analysis, corrections were applied to
account for the emission of conversion electrons instead of low-energy
c-rays during the de-excitation of the daughter nucleus 100In, for
bremsstrahlung emitted when the positrons are slowed down and for
the annihilation of positrons in flight before the deposition of their
total kinetic energy. The end-point energy of the b-decay, if populating
a single final state in the daughter nucleus 100In, was determined to be
3.29 6 0.20 MeV. The corresponding fraction of electron-capture
decays is 13% of all 100Sn decays.

Discussion
Using the measured half-life and the end-point energy, we calculated
a log(ft) value of 2:62z0:13

{0:11, which is the smallest such value found so
far for any nuclear b-decay. Thus, the Gamow–Teller decay of 100Sn
has a much larger strength than the known 01 R 01 superallowed
Fermi decays of N 5 Z nuclei and can indeed be considered a super-
allowed Gamow–Teller decay21. This finding is also illustrated in
Fig. 6, which shows the distribution of log(ft) values for allowed
Gamow–Teller and Fermi transitions.

The extracted Gamow–Teller strength of the 100Sn ground-state
decay to the single excited 11 state in 100In is BGT~9:1z2:6

{3:0. The
measured value is extraordinarily large but consistent with the value
of BGT~5:8z5:5

{3:2 deduced from previous results for QEC and half-life22,
within the large error bars of the earlier measurement. The uncertainty
in the new BGT value is dominated by the uncertainty in the b-decay
end-point energy. The extraction of the strength was done under the
assumption that the Gamow–Teller decay was into only one final 11
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corresponds to known transitions from these minor contributions. The line at
511 keV is due to positron annihilation radiation. The measured absolute
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state in 100In. However, if 11 states at excitation energies above the
observed state were also populated, the summed Gamow–Teller
strength would increase while the strength of the decay into the first
excited 11 state would decrease. It would have been difficult to observe
such higher-energy states because the reduced phase space for lower-
energy b1-particles would have led to a strongly reduced population.

The LSSM calculations, which within the gds harmonic oscillator shell
take into account most of the long-range correlations across the
N 5 Z 5 50 doubly magic shell closure and include up to five particle–
hole excitations (Methods Summary and Supplementary Information),
yield a total summed Gamow–Teller strength of BGT 5 8.19 for all pos-
sible final states in the daughter nucleus up to 60 MeV. The standard
renormalization due to correlations beyond the 0g, 1d, 2s model space
has been applied5. The distribution of strength up to an excitation energy
of 10 MeV is shown in Methods Summary and Supplementary Fig. 1.

A Gamow–Teller strength of BGT 5 7.82 is predicted in the experi-
mental QEC window of 7.03(20) MeV. This corresponds to a reduction

in the total renormalized Gamow–Teller strength of the extreme
single-particle estimate (BGT,ESPM < 10) by 18% for excitation
energies up to 60 MeV and by 22% in the QEC window. It is due to
mixing in the gds harmonic oscillator shell, that is, emptying of the
proton g9/2 orbital, pre-filling of the neutron g7/2 orbital and destruct-
ive interference of the four possible combinations of Gamow–Teller
transitions within the g orbital (L 5 4). The occupation numbers of
the two orbitals that are linked by the Gamow–Teller operator, which
acts on spin and isospin but does not change L, directly influence the
strength of the transition matrix element.

The calculation predicts that the largest fraction of the strength
remains located in the first excited 11 state, in agreement with earlier
calculations7,21. Nevertheless, according to our LSSM calculations it is
reasonable to consider that several 11 states in 100In are populated in
the decay of 100Sn. If, as an exercise, we take from the LSSM calcula-
tion the four lowest 11 states in 100In with their energy splittings and
relative Gamow–Teller strengths (Methods Summary and Sup-
plementary Information), the value of BGT(1z

1 )~9:1z2:6
{3:0 (assuming

a single 11 state) would be reduced to BGT(1z
1 )~7:6z2:2

{2:5 for the
first excited 11 state using the experimental half-life and b-spectrum.
The corresponding summed Gamow–Teller strength would beP4

i~1 BGT(1z
1 )~9:9z2:8

{3:2. Because this exercise served only to gauge
the effect of branching on the experimental BGT value, no error for the
branching ratios is included.

The LSSM result of BGT 5 5.7 for this first excited 11 state agrees
within the statistical uncertainty with the value, BGT~7:6z2:2

{2:5,
extracted from the experimental log(ft) value under the above
assumptions. The experimental concentration of most of the Gamow–
Teller strength in the first excited 11 state clearly classifies the 100Sn
Gamow–Teller decay as superallowed. This large experimental
Gamow–Teller strength of the transition to the first excited 11 state
proves that both the 100Sn ground state and the first excited 11 state in
100In have relatively pure wavefunctions. As expected, the LSSM cal-
culation reveals that the respective wavefunctions consist predomi-
nantly of the pg10

9=26ng0
7=2 (82% probability) and pg9

9=26ng1
7=2 (54%

probability) components. The high purity of the wavefunctions within
the gds model space establishes the simultaneous robustness of the
Z 5 50 and N 5 50 shell closures in 100Sn, which is only ,3 MeV from
the proton drip line, corroborating for N 5 50 the results of refs 23, 24,
and excludes the need for explicitly treating the unbound proton orbits
as continuum states.

The LSSM calculations allow enough configuration mixing in the
gds shell that convergent results are obtained, leading to meaningful
conclusions in this exotic region far from the valley of stability. This
indicates that it should be possible to obtain reliable, more accurate
results for nuclei in the neighbourhood of 100Sn, especially close to the
proton drip line.

The underlying shell structures of nuclei in the vicinity of 100Sn
have to be determined with the highest possible accuracy to address
the important issues in nuclear structure, such as the possibility of a
new coupling scheme developing in the N 5 Z nuclei in the vicinity of
100Sn (ref. 25). The present measurement is a stringent test for LSSM
calculations, in which the realistic character of such a coupling
scheme still needs to be probed.

A better understanding of the nuclear structure is of major import-
ance for modelling weak interaction rates in nuclei, which depend on
the underlying shell structure and are important in many astrophysical
processes. For example, Gamow–Teller transitions govern electron
capture during the core collapse of supernovae. Also, Gamow–Teller
transitions are an essential constraint on the theoretical calculations of
neutrino-less double-b-decay matrix elements, the knowledge of
which is necessary to relate the neutrino mass to the rate of this yet
undiscovered process. Further interest in the decay rates of nuclei
around 100Sn comes from the study of certain astrophysical processes,
as this region has been considered the end of the rapid proton capture
process due to the Sn-Sb-Te cycle.
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100Sn. The spectrum contains only decay events that can be assigned to 100Sn
decays with a probability of at least 75%. The MLH fit was applied to the region
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METHODS SUMMARY
100Sn and neighbouring nuclei were produced by fragmentation of a 1.0A-GeV
124Xe beam from the GSI accelerators, separated in the fragment separator and
identified by multiple energy-loss, magnetic rigidity and time-of-flight measure-
ments. The nuclei were stopped in an implantation detector with high spatial
resolution to correlate implantations with succeeding decays. The device was
surrounded by the stopped-beam RISING array of 15 3 7 germanium detectors
in close geometry. In this configuration, the set-up enabled us to do nearly 4p
spectroscopy of the emitted c-radiation and particle-decay radiation. With a
photopeak efficiency of about 10% (1 MeV) for c-ray detection and nearly
100% for full energy detection of decay particles up to 5 MeV, this high-resolution
set-up allowed for a maximum use of the secondary beam.

The 100Sn half-life and the b-decay end-point energy were calculated in the
framework of a MLH analysis applied respectively to the time distribution of
b-decays after implantation and the energy distribution of emitted positrons. This
analysis also considered the daughter decays and the presence of uncorrelated
random background decays from previous implantations.

To interpret the measured Gamow–Teller strength and the observed c-rays
emitted from 100In, we carried out LSSM calculations. The valence space used in
the LSSM consists of the fifth (4Bv) harmonic oscillator shell, that is, proton and
neutron pn(g,d,s) orbitals outside the 80Zr core. The calculations included up to
five particle–hole excitations from the g9/2 proton and neutron orbitals to the rest
of the shell, which made it possible for us to obtain convergent results for excita-
tion spectra and the Gamow–Teller strength.
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Results of irradiation of thin Chemical Vapor Deposition (CVD) dia-
mond detectors with low energy: p, α and 7Li beams are presented. En-
ergy resolution: ∆E/E < 1% of a single crystal detector was achieved.
A coincident measurement with two diamond detectors showed time resolu-
tion of 100 ps and efficiency above 70%. Despite a high beam flux reaching
109 particles/s cm2 the tested detectors showed low dead-time and satis-
factory radiation hardness. Perspectives of applying thin CVD diamond
detectors in monitoring of a slowed down radioactive beam (RIB) are dis-
cussed.

PACS numbers: 29.30.Ep, 29.40.–n, 29.40.Gx, 29.40.Wk

1. High resolution γ-ray spectroscopy at slowed down RIBs

Significant progress in prompt γ-ray spectroscopy of rare nuclei was
achieved at the RISING setup in GSI due to availability of relativistic RIBs
produced in flight [1]. In addition, delayed γ-decay studies of stopped frag-
ments at RISING were successful [2]. However, use of RIBs slowed down
to a Coulomb barrier energy would open a new perspective in in-beam
γ-spectroscopy studies of nuclei far off stability accessible by transfer
reactions, deep inelastic collisions and, in some cases, fusion–evaporation
reactions.

∗ Presented at the Zakopane Conference on Nuclear Physics, September 4–10, 2006,
Zakopane, Poland.

(1293)



1294 P. Bednarczyk et al.

At the planned radioactive beam facility NUSTAR [3] we aim at high
resolution γ-spectroscopy measurements with secondary RIBs at energies
close to the Coulomb barrier limit of 5AMeV. Relativistic radioactive frag-
ments created in flight will be selected in the Low Energy Branch of the
SFRS separator [4] and slowed down in a series of degraders. In turn, they
will induce a nuclear reaction on a target. Due to the superior SFRS trans-
mition, the secondary beam intensity can reach 108 particles/s. However,
a significant spread in the projectile energy and position is expected. De-
tection of prompt γ-radiation emitted from the reaction target will employ
novel techniques that incorporate pulse shape analysis and tracking of scat-
tered photons. Nonetheless, for efficient Doppler shift compensation exact
information about the velocity vector and the position of every projectile at
the target has to be determined. Detectors suitable for the RIB tracking
shall provide: (i) good energy resolution and minimum ion energy absorp-
tion, (ii) excellent timing properties, (iii) high efficiency and low dead-time,
(iv) radiation hardness. In this context, thin diamond polycrystalline (PC)
or single crystal (SC) CVD detectors [5] attract lots of attention. Recently,
it was shown that SC CVD diamonds permitted of detection of α-particles
from a 241Am source with good energy resolution, comparable with Si de-
tectors [6]. On the other hand, time of flight measurements of relativistic
heavy ions demonstrated that a time accuracy of PC and SC CVD diamond
sensors is significantly better than 100 ps [7, 8].

2. Performance of CVD diamond detectors in beam

Here, we report on an in-beam evaluation of a CVD diamond detector
sensitivity on low energy and high intensity ion beams: p, α and 7Li at
energies of 5.8MeV, 8.7MeV and 11.2MeV, respectively, delivered by the
CNA-Seville 3MV tandem accelerator [9]. SC and PC CVD diamond detec-
tors of a size of 4×4mm2 and 1×1 cm2 respectively, and various thicknesses
were tested. The projectiles, were Rutherford scattered on thin Al, Pb and
Au targets. A SC CVD diamond detector of 500µm thickness was positioned
at 70◦ with respect to the beam direction. Output signals were shaped in
a standard charge sensitive preamplifier. The measured energy spectra of the
scattered protons are presented in Fig. 1(A). The peak shift and broadening
resulted from the target element composition and the energy spread due to
the target thickness, as indicated in the picture. However, the spectrum
measured for the 1µm Al target demonstrates rather narrow distribution
of 50 keV at the FWHM, reaching the energy of 5.55MeV. These values
correspond rather well to the calculated energy spread and the maximum
scattered proton energy. Therefore, one may conclude that the intrinsic
energy resolution of the SC CVD diamond is better than 50 keV.
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 (A)  (B)

Fig. 1. (A) Energy spectra of 5.8 MeV protons elastically scattered from different

targets, detected by a 500µm SC CVD diamond detector at 70◦. The calculated

maximum energy and the peak broadening are indicated. The intrinsic detector

energy resolution is below 50 keV, thus better than 1%. (B) Time correlation spec-

trum of two SC CVD diamond detectors of 110µm and 300µm thickness, mounted

in a stack, irradiated by the scattered proton beam. The time resolution of 100 ps

at the full width half maximum and efficiency above 70% were measured.

A stack consisting of a 110µm and 300µm SC CVD diamond detectors
was mounted at the angle of 90◦. The protons scattered on the Pb target
crossed over the thinner detector, loosing half of the kinetic energy and were
stopped in the second diamond. Pulses from both detectors were fed into
broad band voltage-sensitive preamplifiers DBA2 [10] that provided signals
with a few tens ps rise-time. The coincidence rate was 70% of singles, in part
due to the detectors misalignment. Leading edge discriminators were used
to determine the signal timing. The telescope time correlation spectrum is
shown in Fig. 1(B). One clearly sees a coincident peak of only 100 ps at the
FWHM, even though a walk correction for such fast signals was not feasible.

The scattering setup was used to measure a time correlation between
a PC CVD diamond detector of 13µm thickness and the 300µm SC CVD
diamond, mounted in a stack. The 7Li beam irradiated the Pb target. The
projectile range in diamond was 16µm, the distance comparable with the PC
detector thickness. Therefore, one expected high energy deposition of about
10MeV in this detector. Indeed, despite low charge collection efficiency in
a PC diamond, a signal of sufficient amplitude was generated. Although 7Li
ions entered into the second SC CVD diamond with energy below 1 MeV,
one could clearly see coincident signals from the two detectors. As in the
previous case, the PC and the SC diamonds exhibited very good correlation
with the time resolution within the 102 s range.



1296 P. Bednarczyk et al.

To clarify the diamond detectors ability of detecting ions at high rates
the 300 µm SC CVD diamond detector was exposed to direct proton and
α-particle beams. The minimum stable current extracted from the acceler-
ator corresponded to a beam flux of the order of 107–109 particles/s cm2.
Although the irradiation lasted several minutes, DBA2 preamplified signals
monitored on a fast digital oscilloscope exhibited no signs of degradation or
noisiness. Negligible leakage current was registered. The detector allowed
for a clear distinction of two consecutive signals separated by 10 ns that
would correspond to a continuous rate of 100MHz.

3. Summary of obtained results and further perspectives

In the course of the described experiment SC and PC CVD diamond
detectors were tested in low energy ion beams. The SC detectors showed
excellent performance revealing the energy and time resolution being of 1%
nad 100 ps respectively and efficiency above 70%, even at very low energies
of the impinging particles. In this respect, PC detectors have comparable
timing properties if the charge induced in the diamond was high. The tested
detectors showed low dead-time and satisfactory radiation hardness allowing
for effective operation even at 100MHz charged particle rate. In the light of
the current work use of SC CVD diamonds in low energy ion beam tracking
is promising. However, availability of very thin single crystal diamond films
of surfaces larger than 1 cm2 is still limited. On the other hand, heavier ions
may generate a charge in a PC diamond sufficient for measurements with
satisfactory energy resolution. This issue needs a further clarification.

This work was partially supported by the Spanish Ministry of Education
and Science (MEC) projects: FFPA2003-05958 and PA-2005-04460.
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The feasibility studies of the slowed down beam setup involving deceler-
ation of a 64Ni beam at 250 MeV/u to 13 MeV/u in a thick Al degrader was
performed at the FRagment Separator (FRS) at GSI. The experimentally
measured energy spread and the nuclear reaction yields in the degrader are
in good agreement with simulations.

DOI:10.5506/APhysPolB.42.725
PACS numbers: 07.05.Fb

1. Introduction

The GSI/FAIR [1] facility will provide high-intensity beams of relativistic
ions. Secondary beams of radioactive nuclei can be produced by in-flight pro-
jectile fragmentation or fission. With the beam currents planned for FAIR
we expect radioactive beams at the final focal plane of the Super-FRS [2]
with intensities sufficient for nuclear spectroscopy and reaction studies at en-
ergies around the Coulomb barrier. The low beam energy will be obtained
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by slowing down relativistic beam ions in a thick degrader. In contrast to
the ISOL facilities, in experiments involving such slowed down beams, short
lived fragments can be accessed with high survival rate after the deceler-
ation. The high angular momentum transfer at Coulomb barrier energies
opens a new field of high-spin investigations at the in-flight separation facil-
ities. In the presented feasibility study, the characteristics of a primary 64Ni
beam after deceleration were investigated with a detector system optimized
for an event-by-event identification at Coulomb barrier energies.

2. Simulations

Interactions of fragments penetrating through the matter govern the en-
ergy and angular straggling of the slowed down beams. The simulated val-
ues given by the MOCADI code [3] for a primary 64Ni beam at 250 MeV/u,
slowed down to 13 MeV/u in a homogeneous Al degrader of 3.95 g/cm2 are
shown in Fig. 1. A typical initial energy spread (σE/E) of 0.1% was as-
sumed for the beam. The considerable energy and angular spread makes it
necessary to track the ions after the degrader on an event-by-event basis.
During the deceleration nuclear reactions also occur which lead to the pro-
duction of unwanted isotopes. The simulated yields of the reaction products
in the degrader are illustrated in Fig. 2 as a function of the beam energy.
The integrated background contribution amounts to ∼ 1% of the slowed
down 64Ni ions in an energy window of ±0.5 MeV/u at 13 MeV/u. This en-
ergy window corresponds to the time resolution of the TOF detectors used
in the present experiment. All the parameters of the simulation take into
account the detailed technicalities of the experimental setup discussed in
next section.
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Fig. 1. Simulated angular spread (left) and energy straggling (right) of a 64Ni beam
after slowing down from 250 MeV/u to 13 MeV/u in a 3.95 g/cm2 Al degrader.
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contaminants from nuclear reactions in Al degrader are shown in solid curves.

3. Experimental setup and results

In the present experiment a primary 64Ni beam at 250 MeV/u was slowed
down in a 3.95 g/cm2 Al degrader at the FRS. The experimental setup is
shown in Fig. 3 which consists of a plastic scintillator, a degrader, two po-
sition sensitive micro-channel plate (MCP) [4] detectors and a silicon (Si)
detector. The Si detector was used for a rough estimate of the beam en-

Fig. 3. Schematic setup for the slowed down beam experiment.

ergy during the measurement. The proper beam velocity after the degrader
was obtained from the Time-of-Flight (TOF) measurement between the fast
scintillator and the MCP detectors. The extracted energy distribution (from
TOF measurement) of the 64Ni ions after the degrader is shown in Fig. 4.
The width of the energy distribution is 8 MeV/u (FWHM). In order to
estimate the background underneath the 64Ni energy peak, the simulated
background distribution (see Fig. 2) was scaled to the observed distribution
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Fig. 4. Energy distribution of 64Ni ions after slowing down in Al degrader. A final
energy of 13 MeV/u was obtained with a width of 8 MeV/u. The dashed curve
represents the simulated background.

in the range of 20–60 MeV/u. This resulted in a peak-to-background ratio of
2% in an energy range of 13 ± 0.5 MeV/u. The survival rate of the 64Ni ions
after passing through the degrader was 80% which agrees well with the simu-
lations [5]. Unfortunately, the angular straggling could not be determined in
the present experiment due to the limited size of the tracking detectors, po-
sitioned downstream from the degrader. In the final experimental setup the
Si detector will be replaced by a ∆E − E telescope to identify the reaction
products.

In conclusion, the presented experimental results are in good agreement
with the performed simulations and hence, support the suitability of the
slowed down beams for secondary reactions.
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